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S U M M A R Y
The s e r v ic e  l i f e  o f  work r o l l s  can be s u b s t a n t ia l ly  in c r e a se d  by  
s u b s t i t u t in g  s p e c ia l  w e a r -r e s is ta n t  s le e v e s  f o r  th e  co n v en tio n a l r o l l  
su r fa c e  and a  tough s t e e l  arbor fo r  th e  r o l l  c o r e . In  p r a c t ic e /  th e  
f e a s i b i l i t y  o f  such a s tr u c tu r e  i s  dependent on th e  method o f  s e c u r in g  
th e  s le e v e s  t o  th e  arbor.
T his " th esis  d e sc r ib e s  th e  d e s ig n  o f  a  n o v e l c o r p o s ite  r o l l  sy stem  
w hich u t i l i s e s  th e  e l a s t i c  p r o p e r t ie s  o f  a  p r e -te n s io n e d  arbor t o  p ro v id e  
c o n tr o lle d  a x ia l  and r a d ia l  s le e v e  c la n p in g . The e l a s t i c  s t r e s s e s  and  
o v e r a l l  deform ation  b eh aviou r o f  a  t y p ic a l  d es ig n  have been  determ ined  
u s in g  \  s c a le  th ree -d im e n sio n a l p h o to e la s t ic  m odels.
T his work was undertaken in  th e  l i g h t  o f  a  p re lim in a ry  stu d y  
w hich re v e a le d :
(a) T ie p o s s i b i l i t y  o f  component o v e r s tr e s s in g  under s t a t i c  
and dynamic lo a d in g .
(b) A d egree o f  u n c e r ta in ty  a s s o c ia te d  w ith  c la irp in g  lo a d  
d is tr ib u t io n  and in te r fa c e  c o n ta c t  c o n d it io n s  in  th e  
assenfoled r o l l .
The p h o to e la s t ic  model t e s t s  id e n t i f i e d  arbor p r e - te n s io n in g ,  f o r  
s le e v e  asseitfoly, a s th e  most c r i t i c a l  s t a t i c  lo a d in g  c o n d it io n . By 
in tr o d u c in g  an undercut f i l l e t  ra d iu s a t  th e  arbor b o re  te r m in a tio n , th e
(ii)
a s s o c ia te d  SCF was reduced frcm  14 t o  about 4 .5 .  The c r i t i c a l  s t r e s s e s  
in  th e  m od ified  d e s ig n  are be lew  th e  le v e l s  w hich w ould cau se lew  c y c le  
fa t ig u e  f a i lu r e .
The e f f e c ±  o f  srp eriirp osin g  r o l l in g  lo a d  i s  n o t  c r i t i c a l  when 
compared w ith  th e  mean s t r e s s e s  developed  in  th e  assem bled r o l l .  The r o l l  
assem bly i s  shewn t o  behave as a  m o n o lith ic  s tr u c tu r e  under tr a n sv e r se  
ben d in g . T his f e a tu r e , w hich has co n sid era b le  s ig n i f ic a n c e  when r e la t e d  
t o  m i l l  s t i f f n e s s  and product to le r a n c e  c o n tr o l,  i s  n o t  a v a ila b le  in  
a lt e r n a t iv e  com posite r o l l  sy stem s. An o r ig in a l  method f o r  a n a ly s in g  
SCF's in  a  com posite asseirfoly i s  d escr ib ed .
S le e v e  geom etry i s  found t o  have a  co n sid era b le  e f f e c t - o n  th e  
f le x u r a l  r i g i d i t y  o f  th e  r o l l  assem bly. M o d ifica tio n s  t o  s le e v e  and arbor  
d es ig n  a re  recommended, and have been in c lu d ed  in  a  proposed  com posite  
r o l l  p ro to ty p e .
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C H A P T E R  1
INTRODUCTION
The r o l l in g  p ro cess  i s  w id e ly  u sed  in  th e  s t e e l  in d u str y  where h ig h  
y ie ld  and low o p era tin g  c o s t s  cn bu lk  tonnages a re  e s s e n t i a l  The d e s ir e d  
shape o f  th e  w orkpiece i s  cb ta in ed  by p l a s t i c  deform ation  betw een two work 
r o l l s ,  h av in g  p a r a l l e l  axes ahd r e v o lv in g  in  o p p o s ite  d ir e c t io n s .  The 
m eta l i s  drawn in t o  th e  r o l l s  by f r i c t io n .  R o llin g  equipm ent c o n s is t s  o f  
cne o r  s e v e r a l  stan d s o f  r o l l s ,  th e  w hole b e in g  term ed a  r o l l i n g  m i l l .
The m i l l  i s  norm ally  su b -d iv id ed  in t o  roughing, in term e d ia te  and f in i s h in g  
s ta n d s .
During r o l l i n g  th e  -work r o l l  su r fa c e  s u f f e r s  a  grad u al d e t e r io r a t io n ,  
which can le a d  t o  lo s s  o f  c c n tr o l  o v er  product shape and q u a l i ty  . Con­
seq u en tly  th e  r o l l s  req u ir e  p e r io d ic  rem oval from th e  m i l l  f o r  r e d r e s s in g .
T his procedure i s  rep ea ted  u n t i l  th e  r o l l  d iam eter i s  reduced  t o  some 
pre-determ ined  minimum, based  cn i t s  p e r ip h e r a l sp eed , when th e  r o l l  i s  
scrapped.
I t  fo llo w s  t h a t ,  th e  b a s ic  c r ite r io n  fo r  a l l  ty p e s  o f  work r o l l  i s  
th a t  th e y  sh ou ld  p o s se s s  a  tough core  t o  w ith sta n d  r o l l in g  lo a d s  and a  
wear r e s i s t a n t  s u r fa c e , t o  ensure a  lc n g  l i f e  in  term s o f  tonnage r o l l e d .
For co n v en tio n a l r o l l s  th e se  c o n f l i c t in g  m e ta llu r g ic a l  requ irem ents in v a r ia b ly  
r e s u l t  in  a  compromise due t o  th e  l im ita t io n s  o f  a v a ila b le  h e a t  trea tm en t  
and c a s t in g  tech n iq u es .
1
Hie mechanism o f  r o l l  w ear in  h o t  r o l l in g  i s  com plexf b u t can g e n e r a lly
( 2 )
be a t tr ib u te d  t o  e i t h e r  a b ra sio n , therm al fa t ig u e  or  a  com bination o f  b o th  . 
Thermal fa t ig u e  o f  th e  r o l l  su r fa c e  i s  due t o  th e  tem perature c y c le s  under­
gone by th e  o u te r  la y e r s  as th ey  are a lt e r n a te ly  h e a te d  and c o o le d  by th e  
h o t m eta l and w a ter  c o o la n t . T his i s  most p r e v a le n t  in  s lew  speed  r o l l i n g  
a p p lic a t io n s  such as th e  roughing stan d s in  s la b  m i l l s .  A brasion o f  th e  
r o l l  su r fa c e  i s  caused  by c o n ta c t  w ith  th e  h o t  m eta l. I t  i s ,  th e r e fo r e ,  
m ost p r e v a le n t  in  h ig h  speed  r o l l in g  a p p lic a t io n s  such  as  th e  f in i s h in g  
sta n d s in  rod , b ar  and l i g h t  s e c t io n  m i l l s .
B o ll  changing, due t o  w ear, o fte n  c o n s t i tu t e s  an u n d e sira b le  in te r r ­
u p tio n  in  an o th erw ise  continuous prod u ction  p r o c e s s . The econom ic a sp e c ts
are such t h a t ,  in  modem h ig h  prod u ction  m i l l s ,  th ere  i s  a  grow ing demand „
(3 4)fo r  s u b s ta n t ia l  improvements in  r o l l  l i f e  ' . T his demand i s  r e f l e c t e d
in  th e  co n s id era b le  R and D e f f o r t  w hich , both  in  t h i s  country  and abroad, 
has been d ir e c te d  towards t h i s  end over th e  l a s t  15 y e a r s  ^  ^ .
R ecent, o r  o n -g o in g , resea rch  work in  th e  B r i t i s h  S t e e l  C orporation  
i s  f a i r l y  r e p r e s e n ta t iv e  o f  th e  in te r n a t io n a l  e f f o r t ,  and can be su b -d iv id e d  
i n t o : -
( i)  Improvements in  r o l l  c o o l i n g ^ ' ^ .
(14)
( i i )  In tro d u ctio n  o f  lu b r ic a n ts  a t  th e  r o l l  su r fa c e
V1 *7^
( i i i )  Development o f  new ty p es  o f  work r o l l s  and work r o l l  s u r fa c e s
V arious methods o f  r o l l  rec lam ation  w ith  w elded  o r  sp ray  co a ted  d e p o s it s  
and d i f f e r e n t  ty p es  o f  s le e v e d , o r  com p osite , r o l l s  can b e p la c e d  in  th e  ' 
l a t t e r  ca teg o ry .
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S in ce  work i s  c c n tin u m g  cn a l l  o f  th e s e  developm ents i t  w ould be  
d i f f i c u l t ,  and p o s s ib ly  m is le a d in g , t o  atterrpt an a ssessm en t o f  t h e ir  
r e la t iv e  m er its  a t  t h i s  t i ir e .  Hcwever, both  irethods o f  r o l l  rec lam ation  
w ith  w elded  and co a ted  d e p o s its  have s u ffe r e d  from problem s o f  poor  
su r fa c e  f in i s h ,  due t o  p o r o s ity ,  and r e l a t iv e l y  sm a ll improvements in  wear  
r e s is t a n c e .  For com posite r o l l s  th e  main o b je c t io n  in  th e  p a s t  h a s  been  
one o f  s i z e  l im it a t io n .  T his i s  m ain ly  due t o  th e  method o f  s le e v e  
clam ping w hich , fo r  th e  m a jo r ity  o f  e x i s t i n g  sy ste m s, h as r e l i e d  cn  a  
'■ r a d ia l  in te r fe r e n c e  (shrink  f i t )  tech n iq u e . Ih e  s le e v e s  a r e , th e r e fo r e ,  
req u ired  t o  be f a i r l y  th ic k  in  ord er t o  s u s ta in  th e  la r g e  hoop s t r e s s e s .
T his i s  e s p e c ia l ly  c r i t i c a l  in e x p e n s iv e  m a te r ia ls  such as tu n g sten  carb id e  
are u sed  s in c e  h ig h  w ear r e s is ta n c e  (up t o  an ord er o f  m agnitude g r e a te r  
than  t h a t  a s s o c ia te d  w ith  co n v en tio n a l work r o l l  m a te r ia ls )  i s  in v a r ia b ly ,  
accompanied w ith  t e n s i l e  w eakness.
An e q u a lly  im p ortan t, a lthough l e s s  p u b l ic is e d ,  o b je c t io n  t o  
com posite r o l l s  i s  r e la te d  t o  th e  p e n a lt ie s  a s s o c ia te d  w ith  p o s s ib le  s le e v e  ~ 
se p a r a tio n  during r o l l in g .
Under th e  a c t io n  o f  r o l l in g  load  (tra n sv erse  ben d in g  and to r s io n )
th e r e  i s  a  tendency fo r  th e  s le e v e s  t o  move, e i t h e r  r e l a t iv e  t o  ea ch  o th e r ,
(18)
o r  w ith  r e s p e c t  t o  th e  arbor shank . I f  t h i s  were t o  o c c u r , i t  w ould
a lm ost c e r ta in ly  cause f r e t t in g  betw een th e  component in t e r f a c e s ,p o s s ib ly
(19)le a d in g  t o  h ig h  c y c le  fa t iq u e  f a i lu r e  7 . M oreover, th e  a c t io n  o f  tr a n s ­
v e r s e  bending i s  t o  induce a x ia l  sep a ra tio n  o f  th e  s l e e v e s ,  w hich e f f e c t i v e l y  
reduces th e  r o l l ' s  e x te r n a l d iam eter . In  extrem e c a s e s  t h i s  co u ld  r e s u l t  
in  a  500% red u ctio n  in  f le x u r a l  r i g i d i t y ,  cou p led  w ith  a p r o p o r tio n a te  l o s s  
in  m i l l  s ta n d  s t i f f n e s s . Product to le r a n c e  c o n tr o l w ould c b v io u s ly  s u f f e r  
as a  consequence.
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For th e  com posite r o i l  system  d escr ib ed  in  t h i s  t h e s i s  , th e  s le e v e s  
are h e ld  in  s i t u  by a  predom inantly a x ia l  com pressive fo r c e . T h is has  
th r e e  ad v a n ta g es:-
( i)  Very th in  s le e v e s  can be econ o m ica lly  e x p lo i t e d  w ith o u t th e  
r i s k  o f  d ev e lo p in g  c r i t i c a l  hoop s t r e s s e s .
( i i )  A x ia l clanping* can en su re m o n o lith ic  b eh aviou r o f  th e  
com posite assem bly when su b je c te d  t o  tr a n sv e r se  b en d in g . 
C onsequently , th e r e  i s  no  r is k  o f  a  red u ctio n  in  r o l l  s t i f f ­
n e s s  due t o  a x ia l  s le e v e  se p a r a tio n . M oreoaver, i f  s le e v e s  
w ith  a h ig h  e l a s t i c  modulus are used  (E tu n g sten  ca rb id e
 ^ 2 \  x E s t e e l )  a  co n s id era b le  in c r e a se  in  r o l l  s t i f f n e s s  i s  , " 
p o s s ib le .  "
( i i i )  S in ce  th e r e  i s  no in h e r e n t r e s t r i c t io n  cn s le e v e  s i z e ,  th e  
com posite r o l l  i s  no  lo n g er  l im ite d  t o  lew -torq u e a p p l ic a t io n s .
The s leev e ' clam ping method i s  based  cn th e  e l a s t i c a l l y  deform ed arbor  
p r in c ip le  i l lu s t r a t e d  in  F igure 1 , w hich has been a p p lie d  t o  a t y p ic a l  
p ro to ty p e  in  th e  manner shown in  F igure 2 .
R eferr in g  t o  F igure 1 ( a ) , i t  can be seen  th a t  th e  a p p lic a t io n  o f  an 
a x ia l  t e n s i l e  lo a d  (WB) t o  a c y l in d r ic a l  arbor r e s u l t s  in  an e l a s t i c  
e x te n s io n  cn len g th  w hich i s  accompanied by a  p r o p o r tio n a l e l a s t i c  c o n tr a c t io n  
cn d iam eter . Cn r e le a s in g  th e  lo a d , th e  deformed arbor w i l l  r e v e r t  t o  i t s  
o r ig in a l  d im ensions. I f  t h i s  recovery  i s  p reven ted  by th e  in tr o d u c t io n  o f  a ' 
number o f  c o n c e n tr ic  s l e e v e s , then  th e s e  w i l l  be s u b je c te d  t o  a  r e a c t iv e  
lo a d in g  (WR) as shown in  F igure 1 ( b ) .
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T his r e a c t iv e ,  o r  r e s id u a l ,  lo a d in g  w i l l  be o p p o s ite  in  s i g n ,  and 
p ro p o rtio n a l t o ,  th e  f i n a l  s t r a in  in  th e  arbor j u s t  p r io r  t o  r e le a s e  o f  
e x te r n a l lo a d in g , th e  r e la t iv e  d im ensions o f  th e  arbor and s l e e v e s ,  and 
t h e ir  r e s p e c t iv e  e l a s t i c  m o d u lii.
Thus, fo r  a  sim p le  id e a l i s a t io n ,  a r e la t io n s h ip  betw een arb or p r e ­
te n s io n  and r e s id u a l  s le e v e  clam ping can be d e r iv e d  by c o n s id e r a t io n  o f  
deform ation c o m p a t ib il ity .  In  t h i s  r e s p e c t  th e  s le e v e s  are t r e a te d  as  
p la in  c y l in d e r s ,  w h i l s t  th e  r o l l  arbor i s  co n sid ered  a s  a  s im p le  a x i -  
sym m etric body.
F igure 2(a)  i l l u s t r a t e s  th e  method o f  p r o v id in g  p r e - te n s io n  in  th e  
p ro to ty p e  by means o f  a  h y d r a u lic a l ly  load ed  th r u s t  rod  p o s it io n e d  in s id e  
th e  'b lin d -b o re*  o f  th e  arbor. The r e a c t iv e  fo r c e s  a re  absorbed b y  th e  
s p l i t  c o l l e t - s h e l l  assem bly which co n ta in s  th e  p r e ssu r e  cap and p is t o n .  
E q u ilibr iu m  o f  th e  c o l l e t  assem bly r eq u ir es  r e ta in in g  s le e v e s  t o  b e  lo c a te d  
a t  each  end.
F igure 2(b) shews hew th e  u n d e r -s ized  s le e v e s  can b e assem bled  and  
th en  r a d ia l ly  clamped by p a r t ia l ly  r e la x in g  th e  i n i t i a l  arbor p r e - t e n s io n .  
T his p roced u re, w hich can be a c c u r a te ly  c o n tr o lle d  t o  g iv e  any d e s ir e d  
r a d ia l  clam ping, en su res  th e  c o n c e n tr ic ity  o f  th e  assem bly  and th e  ab sen ce  
o f  any u n d e sira b le  c lea ra n ce  between th e  arbor shank and s le e v e  b o r e s .
The r e ta in in g  n u t i s  then  hand t ig h te n e d  and t h e  o i l  p r e ssu r e  
r e le a s e d  t o  atm osphere, F igure 2 ( c ) .  The arbor*s a x i a l  c o n tr a c tio n  i s  
a r r e s te d  o n ly  when th e  com pressive lo a d  in  th e  s le e v e s  i s  eq u a l t o  th e  
r e s id u a l  te n s io n  in  th e  arbor.
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F igure 2(d) shews th e  fo r c e s  t o  which a p a ir  o f  sim p ly -su pp orted  
com posite work r o l l s  are su b je c te d  during th e  r o l l i n g  p r o c e s s .
To ensure m o n o lith ic  b ehaviour under th e  a c t io n  o f  tr a n sv e r se  
b en d in g , an e x p ress io n  o f  fo r c e  eq u ilib r iu m  can b e d evelop ed  in  term s o f  
th e  maximum b end ing moment, o r  sep a ra tin g  fo r c e ,  and th e  minimum req u ired  
s le e v e  cla irp ing  fo r c e  (WR).
To en su re n o - s l ip  tra n sm issio n  o f  th e  r o l l in g  torq u e a  s im ila r  fo r e s  
e q u ilib r iu m  ex p r e ss io n  can b e d eveloped  in  term s o f  th e  a p p lie d  torque  
and th e  f r i c t io n a l  r e s is ta n c e  betw een each  s le e v e  in t e r f a c e .
A sim p le  m athem atical model has been d evelop ed  a lo n g  th e s e  l i n e s ,  
w hich r e l a t e s  th e  r o l l in g  load  s p e c i f ic a t io n  t o  th e  s le e v e  c la n p in g  and 
arbor p r e -te n s io n in g  requ irem ents. To a s s e s s  th e  v a l i d i t y  o f  t h i s  th eory  
i t  was n e c e ssa r y  t o  conduct an exp erim en ta l f e a s i b i l i t y  stu d y  . T h is  
work was dene w ith  th e  a id  o f  a  sim ple V 3 s c a le  model arbor and s le e v e  
assem bly. T h e o r e tic a l e s t im a tio n s  o f  clairping p o t e n t ia l  and r o l l  s t i f f n e s s  
c h a r a c t e r is t ic s  were found t o  b e  in  good agreement w ith  ex p er im en ta l r e s u l t s .  
The amount o f  a x ia l  clairp ing req u ired  t o  p rev en t s le e v e  s e p a r a t io n  under 
tr a n sv e r se  bend ing was found t o  b e  a t  l e a s t  double t h a t  req u ir ed  t o  p rev en t  
r o ta t io n a l  s lip p a g e  due t o  a p p lied  torq u e.
However, th e  above t e s t s  a ls o  serv ed  t o  h ig h l ig h t  a  number o f  c r i t i c a l  
d es ig n  fe a tu r e s  w hich , i f  r e la t e d  t o  a f u l l  s iz e d  p r o to ty p e , w ould  c e r ta in ly  
g iv e  some cause fo r  concern .
I f  a  t y p ic a l  305 inn d iam eter work r o l l  ( fo r  r o l l i n g  rod and b ar  up 
t o  20  irm diam eter) i s  used as an exam ple, i t  can be shewn th a t  th e  minimum 
req u ired  arbor p r e - te n s io n  i s  in  th e  ord er o f  7000 KN. T his im p lie s  a  
nom inal t e n s i l e  s t r e s s  in  th e  arbor shank o f  some 0 . 2 3  KN/mm2. The arb or’s  
l in g i t u d in a l  e x te n s io n  and d ia m etra l c o n tr a c tio n  w ould be about 0 .6  urn 
and 0 .0 7  mm r e s p e c t iv e ly .  Although a p p rec ia b le , a  s t r e s s  o f  t h i s  m agnitude 
w ould n o t ,  in  i t s e l f ,  be co n sid ered  e x c e s s iv e  fo r  h ig h  s tr e n th  a l l e y  s t e e l .  
U n fo r tu n a te ly , t o  accommodate p r e - te n s io n in g  and s le e v e  support requirem ents  
th e  arbor ^ design i s  in h e r e n t ly  ncn-uniform  a t  i t s  extrem e en d s. The 
geom etric  s t r e s s  co n cen tra tio n s  a r is in g  from such  n o n -u n iform ity  would  
undoubtedly r e s u l t  in  th e  developm ent o f  unacoeptab ly h ig h  l o c a l  s t r e s s e s .  
T his i s  e s p e c ia l ly  c r i t i c a l  in  th e  v i c i n i t y  o f  th e  a r b o r /th r u s t  rod  i n t e r ­
fa c e  where c o n ta c t  s t r e s s e s  are ex trem ely  lo c a l i s e d ,  and most p rob ab ly , 
t r i a x i a l .  A more d e t a i le d  knowledge o f  th e s e  c r i t i c a l  s t r e s s  c o n d it io n s  
was th e r e fo r e  co n sid ered  a d v isa b le  i f  fu tu re  p ro to ty p e  arbors a re  t o  b e  
d esig n ed  w ith  a  h ig h  fa t ig u e  r e s is ta n c e .
The model arbor a ls o  d isp la y e d  co n s id era b le  n o n -u n ifo rm ity  o f  
r a d ia l  deform ation  a lo n g  i t s  le n g th . When f u l ly  assem bled  w ith  th e  s le e v e s  
and r e ta in in g  n u t , t h i s  ncn-uniform  deform ation  b eh av iou r r e s u lt e d  in  each  
s le e v e  b e in g  su b je c te d  t o  d i f f e r e n t  amounts o f  r a d ia l  clam ping. T his i s  n o t  
a cce p ta b le  fo r  a f u l l - s i z e d  com posite r o l l .
F in a l ly ,  th e  model t e s t s  were o b v io u s ly  l im ite d  in  t h e ir  r e le v a n c e  
t o  th e  s t r e s s  and deform ation  behaviour in s id e  th e  assem bled r o l l .  D uring  
i t s  s e r v ic e  l i f e  th e  a ssen b led  r o l l  i s  su b je c te d  t o  many c y c le s  o f  f a t ig u e  
lo a d in g , which makes i t  p a r t ic u la r ly  s e n s i t iv e  t o  f r e t t i n g  damage i n  th e  
v i c i n i t y  o f  th e  s le e v e /a r b o r  in t e r f a c e s .  C o n se q u e n tly /d e ta ile d  in fo rm a tio n
regard in g  th e  d is t r ib u t io n  o f  in t e r fa c e  p r e s su r e s , and th e  in f lu e n c e  o f  
s le e v e  and arbor d es ig n  cn th e  o v e r a l l  s t i f f n e s s  o f  th e  asserrfoly i s  con­
s id e r e d  e s s e n t ia l .  The p o s it io n  and iragnituda o f  lo c a l i s e d  s t r e s s  
co n o en tra tio n s  are a l s o  req u ired  fo r  a coirp lete  fa t ig u e  s tr e n g th  a p p r a isa l.
T his p r e se n t  work i s ,  th e n , concerned w ith  th e  d e ta i le d  a n a ly s is  
o f  a  com posite r o l l  assem bly su b je c te d  t o  th r e e  inodes o f  lo a d in g , namely:
(a) Arbor p r e - te n s io n in g .
(b) R esid u a l lo a d in g .
(c) Combined r e s id u a l lo a d in g  and tr a n sv e r se  ben d in g .
For reason s o f  com patib i l i t y  i t  was co n sid ered  n e c e ssa r y  t o  u se  th e  > 
same method o f  a n a ly s is  throughout t h i s  in v e s t ig a t io n .  I t  was th e r e fo r e  
d ecid ed  t o  u t i l i s e  th e  p h o t c e la s t ic  s t r e s s  fr e e z in g  tech n iq u e . T h is method 
i s  e q u a lly  s u it a b le  fo r  a n a ly s in g  arbor p r e - te n s io n in g , a  s im p le  a x i -  
syrrnetric  lo a d in g  c a s e ,  a s  w e l l  a s th e  assem bled r o l l  under combined lo a d in g  
w hich i s  a  complex asym m etric lo a d in g  c a se . H i e  m odeling  tech n iq u e p erm its  
d ir e c t  measurement and o b serv a tio n  o f  o v e r a l l  deform ation  b eh av iou r w hich  
can b e  c o n v en ie n tly  r e la t e d  t o  a f u l l - s i z e d  p ro to ty p e . In  a d d it io n , com plex  
t r i - a x i a l  s t r e s s  s e p a r a tio n s  can be made a t  any d e s ir e d  lo c a t io n ,  to g e th e r  
w ith  d ir e c t  measurement, o f  lo c a l  s t r e s s  c o n c e n tr a tio n s . The f a c i l i t y  t o  
e x a c t ly  reproduce th e  way in  which lo a d  i s  a p p lie d  and d is tr ib u te d  i s  
unique t o  p h o t o e la s t ic i t y .  I t  i s  a ls o  an e s s e n t i a l  f a c i l i t y  fo r  t h i s  
p a r t ic u la r  p r o je c t  s i n c e ,  although b a s ic a l ly  s im p le  in  co n cep t, th e  com­
p o s i t e  r o l l  assem bly i s  a  complex s tr u c tu r e  t o  a n a ly se .
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In  a l l ,  soire '6 rnodel id e a l i s a t io n s  were exam ined. Three m odels 
were req u ired  fo r  th e  a n a ly s is  o f  arbor p r e - te n s io n in g , w h i ls t  r e s id u a l  
lo a d in g  and coirbined lo a d in g  were s tu d ie d  w ith  m e  and two m odels r e s p e c t iv e ly .  
The main o b je c t iv e s  o f  th e s e  t e s t s  was t o  p rov id e  a  g e n e r a l q u a n t ita t iv e  
in d ic a t io n  o f  th e  o v e r a l l  e l a s t i c  deform ation  b eh a v io u r , t o  e s t a b l i s h  
th e  way in  which th e  a p p lied  load  i s  shared betw een th e  sep a ra te  components 
and t o  id e n t i f y  p o s it io n s  o f  l o c a l  s t r e s s  c o n cen tra tio n  w hich m ight c o n s t itu te  
a  sou rce o f  weaikness in  th e  p ro to typ e assem bly. I f  th e s e  o b je c t iv e s  are  
s a t i s f i e d  i t  sh ou ld  b e p o s s ib le  t o  e s t a b l i s h  a com prehensive m athem atical 
model., o f  com posite r o l l  behaviour w hich w i l l  se r v e  a s  a  d es ig n  procedure  
fo r  p ro to ty p e  equipm ent.
F in a l ly ,  r e s u l t s  from th e  p h o to e la s t ic  a n a ly s is  o f  arbor p re­
te n s io n in g  are a ls o  compared w ith  th o se  ob ta in ed  from a  F in ite -E ler ren t  
id e a l i s a t io n  o f  a  s im ila r  arbor. The method o f  r e s t r a i n t  and lo a d  in p u t  
was endorsed  from o b serv a tio n s  made in  th e  p h o t o e la s t ic  m odel. I t  i s  
en v isa g ed  th a t  th e  f i n i t e  elem ent tech n iq u e cou ld  b e u sed  fo r  th e  ra p id  
assessm en t o f  v a r io u s a lt e r n a t iv e  arbor d es ig n s  in  th e  fu tu r e .
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C H A P T E R  2
DESIGN ANALYSIS AND PPOTQTYPE LOADING
Ihe c r i t e r i a  fo r  com posite r o l l  d e s ig n , o u t lin e d  in  C hapter 1 , 
req u ired  th e  s le e v e s  t o  be h e ld  in  s i t u  w ith  a  c la n p in g  fo r c e  cap ab le  o f  
en su r in g  m o n o lith ic  b eh aviou r o f  th e  asseirb led  r o l l  during  r o l l in g .
Ih e d e s ig n  a n a ly s is  approach i s ,  th e r e fo r e ,  t o  i n i t i a l l y  co n v ert  
th e  r o l l in g  lo a d  s p e c i f i c a t io n  i n t o  s le e v e  c la n p in g  requirem ents which  
s a t i s f y  th e  e q u ilib r iu m  c o n d it io n s  n e c e ssa r y  f o r  m o n o lith ic  b eh a v io u r . 
Ih e  minimum arbor p r e - te n s io n  req u ired  t o  d evelop  t h i s  clam ping, o r  
r e s id u a l lo a d in g , i s  th en  determ ined. F in a l ly ,  an e s t im a te  i s  made Of 
th e  maximum arbor p r e - te n s io n  n ecessa ry  t o  f a c i l i t a t e  s le e v e  assem bly.
( i )  S le e v e  Clamping Requirements
2*1 A x ia l Compressive Clamping, WR
I h is  i s  p rovided  by th e  lo n g itu d in a l c o n tr a c tio n  o f  th e  p r e - te n s ic n e d  
arbor when a l l  e x te r n a l lo a d in g  i s  removed. Ih e  a x i a l  com p ressive fo r c e  
th u s im parted to  th e  s le e v e s  i s  eq u a l and o p p o s ite  t o  th e  r e s id u a l  te n s io n  
in  th e  arbor. A x ia l com pression i s  th e  prim ary mode o f  clam ping, h a v in g  
two e s s e n t i a l  fu n c tio n s:
(a) To p reven t a x ia l  sep a ra tio n  o f  th e  s le e v e s  dus t o  tr a n s ­
v e r se  bend ing.
(b) To ensure n o - s l ip  tra n sm iss io n  o f  r o l l i n g  to rq u e .
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2 . 1 . 1  P o l l  O lder Bending-  -   T • ^
For th e  purposes o f  e v a lu a t in g  n a n in a l s t r e s s e s  and r o l l  d e f le c t io n  
i t  i s  con v en ien t t o  t r e a t  th e  co n p o s ite  r o l l  as an e q u iv a le n t  homogeneous 
beam, s o  t h a t ,  f o r  th e  id e a l i s e d  c o n fig u r a tio n s  shewn in  F igure 3 ( a ) .
Ih e  moment a t  any c r o ss  s e c t io n  i s  g iv e n  by:
\
M = EA.IA/R + E s . I s / R  
o r  M = E I/R     (1)
where R = Radius o f  curvature o f  deform ed r o l l
and E l = Conbined f le x u r a l  r i g i d i t y  o f  th e  arbor and s le e v e s .
Ih e  above r e la t io n s h ip  assumes th a t  no s l i d i n g  occu rs betw een th e  
s le e v e s  and arbor.
S u b s t itu t in g  fo r  R = E .y /6  in  eq u a tio n  (1) g iv e s :
M = E l . 6 / E , y
where 6 = Bending s t r e s s
y  -  D ista n ce  from n e u tr a l a x i s .
In  th e  s le e v e d  assenfoly , i t  i s  th e  t e n s i l e  component o f  b en d in g  
s t r e s s  v h ic h  ten d  t o  a x ia l ly  sep a ra te  th e  s le e v e s .
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Fig. 3 Comparisons between the idealised and actual 
composite roll assemblies
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(p) Idealised case
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(h) Actual case
Thus, th e  maximum se p a r a tin g  s t r e s s  in  th e  s le e v e s  as i s  g iv en  by:
A Mmax. Es. Ysfis =  g f -------
where t e  = Maximum bending moment 
and Ys = C/2
I t  fo llo w s  t h a t ,  th e  a x ia l  com pressive clam ping fo r c e  WR^  req u ired  
t o  p rev en t s le e v e  sep a ra tio n  due t o  tr a n sv e r se  bend ing i s  g iv e n  b y:
TTO _ Mmax. Es. C. As. SF
WRb   --------— 2 7 e x "-------------
where As = Nominal c r o ss  s e c t io n a l  area  o f  s le e v e s
and SF = Bending moment m a g n if ic a tio n , o r  shock f a c to r ,  a t  b a r  e n tr y .
(U su a lly  in  th e  ord er o f  2 v  3 tim es th e  nom inal r o l l i n g  load)
Ih e  above r e la t io n s h ip  betw een s le e v e  clam ping and r o l l  b en d in g  i s  
b ased  an th e  id e a l i s e d  s tr u c tu r e  shown in  F igure 3 ( a ) . A nunfoer o f  
in p o r ta n t assum ptions are th e r e fo r e  im p lied :
1 . Ih e  s le e v e s  are tr e a te d  as p la in  c y l in d e r s .
2 . The s le e v e s  occupy th e  e n t ir e  le n g th  o f  th e  arbor betw een
. th e  r o l l  su p p o rts .
3 . A l l  s le e v e s  have id e n t ic a l  geom etry.
4 . A l l  s le e v e s  have id e n t ic a l  m a te r ia l p r o p e r t ie s .
F igure 3(b) 'se r v e s  t o  i l l u s t r a t e  th e  a c tu a l s t r u c tu r e ’s  d e v ia t io n  from  
t h i s  id e a l i s e d  r e p r e se n ta tio n .
An e f f e c t i v e  s le e v e m o d u lu s  Eso , based  on th e  a g g rega te  e f f e c t  o f& .
in d iv id u a l s le e v e s  and s le e v e  su p p o rts , i s  d er iv ed  in  Appendix 2 ,  
eq u ation  (a .5 )  *
2 .1 ,2  R o ll  O lder T orsion
Ih e  torque tr a n sm itt in g  c a p a b il i ty  o f  th e  co irp osite  r o l l  a s se n b ly  
i s  analogous t o  th a t  a s s o c ia te d  w ith  a c cn v en tia n a l f r i c t i c n  p la t e  c lu t d i  
h av in g  tw o a c t iv e  f r i c t i c n  fa c e s  com pressed to g e th e r  under an a x ia l  lo a d ,
WHj. :
Ih u s , assum ing th e  normal law s o f  f r i c t i c n  and a  uniform  p r e ssu r e  
d is t r ib u t io n  betw een each  s le e v e  in t e r f a c e ,  i t  can be shown t h a t ,
T = 2tt y p
r r .
r .i
i^ d r
where T = F r ic t ic n  torque
y = C o e f f i c i e n t  o f  d r y  f r i c t i o n  a t  s l e e v e  i n t e r f a c e  
p = Uhiform p ressu r e  =
and
7 r (r ^ - r x2)
r^ & rQ = Ih e  in te r n a l  and e x te r n a l r a d i i  o f  s le e v e  r e s p e c t iv e ly .
I t  fo llo w s  t h a t ,  th e  s le e v e  clam ping fo r c e  n e c e ssa r y  f o r  n o - s l ip  
torq u e tra n sm iss io n  in  a  co irposite  r o l l  a ssen b ly  i s  g iv e n  by:
2 y
3 . T. SF
c3 -  b *' 
^  -  b 2
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where SF * T = R o llin g  torque a t  b a r  en try  
c  =. S le e v e  e x te r n a l d iam eter  
b = S le e v e  bore
2 .1 .3  A x ia l Clamping and R o ll Temperature
Ih e  d is t r ib u t io n  o f  tem perature in  work r o l l s  i s  a  s u b je c t  w hich  
has t o  d a te  r e c e iv e d  r e l a t iv e l y  l i t t l e  a t t e n t io n ,  and fo r  w h ich , v ery  l i t t l e  
exp er im en ta l d a ta  i s  a v a ila b le .  Ih e  problem  o f  d i f f e r e n t i a l  therm al exp an sion  
betw een th e  r o l l  su r fa c e  and co re  i s  kncwn to  b e  a  carp l e x  t r a n s ie n t  therm al 
c o n d it io n , which i s  probably more c o n p lic a te d  in  th e  c o n te x t  o f  co irp osite  
r o l l s .
During th e  i n i t i a l  s ta g e s  o f  r o l l in g  th e  s le e v e  i n  c o n ta c t  w ith  th e  
h o t  m eta l w i l l  expand more than th e  arbor o r  surrounding s l e e v e s .  T h is w i l l  
cause a  teirporary in c r e a se  in  t o t a l  a x ia l  co n p ress iv e  c la n p in g , ir r e s p e c t iv e  
o f  th e  s le e v e  m a te r ia l.  I t  i s  n o t  c le a r  hew t h i s  s im p le  in te r p r e ta t io n  
i s  m o d ified  by th e  e f f e c t  o f  w ater c o o la n t .
Hcwever, fo r  th e  purposes o f  t h i s  p r e se n t  a n a ly s is ,  i t  i s  assum ed  
th a t  th e  therm al c o n d itio n s  p o t e n t ia l ly  m ost d e tr im e n ta l t o  s le e v e  clam ping  
e x i s t  when th e  e n t ir e  r o l l  a ssen b ly  has ex p er ien ced  an o v e r a l l  un iform  
in c r e a se  in  tem perature (AT). T h is i s  a  s t e a d y - s ta te  therm al c o n d it io n  w hich  
i s  a t ta in e d  a f t e r  p ro longed  and continuous r o l l in g .
I t  fo llo w s  t h a t ,  fo r  s le e v e  m a te r ia ls  h a v in g  s im ila r  th erm al p r o p e r t ie s  
t o  th e  arbor, no s ig n i f i c a n t  change in  a x ia l  c la n p in g  w i l l  b e  apparent a t  
e le v a te d  tem peratures. T h is w i l l  n o t  be th e  ca se  fo r  th e  m a jo r ity  o f  com­
p o s i t e  r o l l  a p p lic a t io n s  s in c e  m a te r ia ls  h av in g  a  h ig h  w ear r e s is t a n c e
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u s u a lly  p o s se s s  a  lew  c o e f f i c i e n t  o f  therm al ex p an sion . C onsequently, a t  
e le v a te d  tem peratures th e  arbor w i l l  ex p er ien ce  a  lo n g itu d in a l expansion  
g r e a te r  than th e  cummulative s le e v e  exp an sion . I h i s  w i l l  cause a lo s s  in  
a x ia l  c la n p in g  <5WR w hich , i f  th e  d i f f e r e n t i a l  therm al expansion  i s  o f  
s u f f i c i e n t  m agnitude, cou ld  in v a lid a te  th e  fo r c e  b a la n ce  irrp lied  in  
eq u a tio n s  (3) and (4 ) .
An e x p r e ss io n  fo r  "the maximum p o s s ib le ,  ten p era tu re  r e la t e d ,  lo s s  
in  a x ia l  c la n p in g  i s  d er iv ed  in  Appendix 2 ,  eq u a tio n  ( a .6 ) .
2 .1 .4  Minimum R equired A x ia l C lanping
A p re lim in a ry  stud y  o f  p o t e n t ia l  com posite r o l l  a p p lic a t io n s ,  b a sed  
cn eq u a tio n s  (3) and (4 ) ,  showed th a t  fo r  s in p ly  supported  r o l l s  w ith  a  
s le n d e r n e ss  r a t io  (L/c) o f  2 o r  more i t  i s  n e c e ssa r y  t o  c o n s id e r  th e  
e f f e c t s  o f  both  tr a n sv e r se  bend ing and to rq u e . For r o l l s  h a v in g  a  s le n d e r ­
n e ss  r a t io  o f  l e s s  than 2 ,  th e  p o s s i b i l i t y  o f  s le e v e  se p a r a tio n  due t o  
bend ing can u s u a lly  be ig n o red .
Neve th e  l e s s ,  a s  a  g en era l r u le ,  th e  minimum req u ired  a x ia l  c la n p in g  
WRmin i s  taken  t o  b e  th e  g r e a te r  o f  (WRg + <5WR) o r  (WRj,'+ 6WR).
2 .2  R ad ia l I n te r fe r e n c e  C lanping
The main reason  f o r  r a d ia l  in te r fe r e n c e  c la n p in g  i s  t o  p ro v id e  an 
accu ra te  and c o n c e n tr ic  lo c a t io n  fo r  th e  s le e v e s  when assem bled  cn th e  
arbor. I h is  p rec lu d es th e  p o s s i b i l i t y  o f  a  c lea ra n ce  e x i s t i n g  betw een  
th e  s le e v e  b ores and arbor shank.
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In  t h i s  c o n te x t , r a d ia l  c la n p in g  i s  n o t  ex p ected  t o  a c t  as a  means 
o f  tr a n sm itt in g  r o l l i n g  torq u e. I t  i s  u s u a lly  s u f f i c i e n t ,  th e r e fo r e ,  t o  
a s s ig n  an a r b itr a r y  v a lu e  f o r  i n i t i a l l y  d eveloped  in te r fe r e n c e  A'^min; 
where Ahiriin i s ,  fo r  con v en ien ce , d e fin ed  i n  te r n s  o f  th e  t o t a l  d ia m etra l 
s h r in k - f i t  a llow an ce , b ased  on minimum m a te r ia l c o n d it io n s  fo r  th e  s le e v e  
bores and arbor shank (Figure 4 ) .  Ih e  s ig n if ic a n c e  o f  m achining to le r a n c e s  
(Sy and a t  th e  s le e v e /a r b o r  commai d iam eter (b) i s  more f u l l y  d is c u s se d  
w ith  r e s p e c t  t o  s le e v e  assem bly la t e r  in  t h i s  Chapter (S e c tio n  2 .5 ,  p.2 3 ) .
2 .2 .1  Thermal C on sid eration s
As w ith  a x ia l  c la n p in g , fo r  s le e v e s  h a v in g  a  c o e f f i c i e n t  o f  therm al 
expansion  eq u a l t o  th a t  o f  th e  s t e e l  arb or, no change i n  r a d ia l  c la n p in g  
w i l l  b e  apparent a f t e r  p rolonged  and continuous r o l l in g .
However, i f  w e a n -r e s is ta n t  s le e v e  m a te r ia ls  are u sed , r a d ia l  c la n p in g  
a t  e le v a te d  tem peratures (« Af min) w i l l  be g r e a te r  than th a t  d evelop ed  
during a ssen b ly  (eq u ation  ( a .7 ) , Appendix 2 ) .
( i i )  Arbor P re-T en sion in g  Requirements
To f a c i l i t a t e  s le e v e  a sse n b ly  and d evelop  th e  p r e v io u s ly  d is c u s s e d  
a x ia l  and r a d ia l  c la n p in g , th e  arbor must f i r s t  be a x ia l ly  p r e - te n s io n e d .
I t  i s  con v en ien t to  ex p ress  arbor p r e - te n s io n in g  requirem ents in  
term s o f  th e  im p lied  eq u ilib r iu m  c o n d it io n s  fo r  a x ia l  and r a d ia l  d eform ation  
c o m p a t ib il ity .
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2 .3 For A x ia l C lanping
R eferr in g  t o  F igaro  1 , a x ia l  deform ation  c c o p a ta b i l i t y  i ir p l ie s  th e  
fo llo w in g  eq u ilib r iu m  co n d itio n :
A x ia l e x te n s io n  o f A x ia l c o n tr a c tio n A x ia l e x te n s io n
arbor due t o o f  s le e v e s  due t o t . o f  arbor due t o
p r e -te n s io n r e s id u a l lo a d in g *r r e s id u a l  lo a d in g
i. WB w WR» * WR . .
= 0
o r WB. LA AA. EA
WR. Ls , WR. LA 
+A s. Es AA. EA
Frcrn which WB = WR AA. EAA s. Es *LA  + 1 •  (5)
Ih e  above r e la t io n s h ip  betw een arbor p r e - te n s io n  and a x ia l  c la n p in g  
assum es:
1 . The s le e v e s  are tr e a te d  as p la in  c y l in d e r s .
2 .  A l l  s le e v e s  have id e n t ic a l  geom etry.
3 . A l l  s le e v e s  have id e n t ic a l  m a te r ia l p r o p e r t ie s .
4 . E f f e c t iv e  arbor le n g th  under p r e - te n s io n  i s  e q u a l t o  
e f f e c t i v e  arbor le n g th  under r e s id u a l  c la n p in g .
5 . P e r fe c t ly  r ig id  s le e v e  su pp orts a t  ea ch  end o f  th e  arb or.
Assum ptions 1 -3  are th e  same as th o se  r e fe r r e d  t o  i n  e q u a tio n  ( 3 ) .  
T h erefore , a  s im ila r  e x p r e ss io n  fo r  an e q u iv a le n t  s l e e v e  modulus Es0 ' can  
b e d er iv ed  (equation  ( a . 5 ) ,  Appendix 2 ) .
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F igure 3(b) shews th a t  th e  e f f e c t i v e  arbor le n g th  under p r e - te n s io n ,  
LA (WB), i s  l e s s  than th e  e f f e c t i v e  arbor length- (= e f f e c t i v e  s l e e v e  len g th )  
under r e s id u a l lo a d in g , LA (WR). Ih e  ch o ic e  o f  d a ta  fo r  th e s e  e f f e c t i v e  
le n g th s  i s  somewhat a r b itr a r y , b u t p rev io u s  ex p er im en ta l work h a s shewn 
them t o  be s u f f i c i e n t l y  accu rate  fo r  th e  purposes o f  a n a ly s is .
For assum ption 5 , i t  i s  known, t h a t  a  c e r ta in  amount o f  - f l e x i n g  a t
th e  s le e v e  su pp orts and th read  bending a t  th e  co n n ection  betw een th e  arbor
and r e ta in in g  n u t i s  in e v i ta b le  in  p r a c t ic e .  S le e v e  f la t n e s s  e r r o r s  and
su r fa c e  a s p e r i t i e s  are a ls o  ex p ected  to  co n tr ib u te  t o  th e  o v e r a l l  s t i f f n e s s
(21)l o s s  in  a  f u l l  s i z e  r o l l  a ssen b ly  .
In  co irp osite  r o l l  term inology  , s t i f f n e s s  l o s s e s  are  e q u iv a le n t  t o  
redundant arbor c o n tr a c tio n  (a x ia l)  and th u s r e p r e se n t  a  l o s s  in  c la n p in g  
e f f i c i e n c y  (WR/toB). An e x p r e ss io n  fo r  th e  p o t e n t ia l  r e d u c tio n  i n  clam ping  
e f f i c i e n c y  i s  o u t l in e d  in  Appendix 2 (eq u ation s a . 8 and a .9) and i s  g iv en  
th e  fa c to r  d e s ig n a tio n  F3; where F3 i s  th e  amount by w hich th e  o r i g in a l  
a x ia l  c la n p in g  requirem ents have t o  be in c r e a se d  t o  com pensate f o r  e s t im a te d  
s t i f f n e s s  l o s s e s .
I t  fo llo w s  t h a t ,  s u b s t i tu t in g  fo r  Ese *,  LA(WB) , LA(WR) and F3 in  
eq u a ticn  (5) g iv e s :
LA.(WR)'
LA(WB)LA(WB)
where WR . = Minimum req u ired  a x ia l  co irp ressive clam pingnun
WBf = F in a l ,  nriniraum req u ir ed , p r e - te n s io n  in  arbor j u s t  p r io r
t o  r e le a s e  o f  e x te r n a l lo a d in g
and LA (WR)' LA(WB)
2*4 For R ad ia l C lanping
C an sid era ticn  o f  deform ation  c o r p a t ib i l i t y  betw een th e  s le e v e s  and arbo  
a l s o . in d ic a te s  th e  n e c e s s i t y  f o r  d ev e lo p in g  r a d ia l  c la n p in g  p r io r  t o  
a x ia l  clam ping. I t  i s  argued t h a t ,  i f  th e  f i n a l  p r e - lo a d  c o n d it io n  (W B f^ )  
i s  con sid ered  a  s t r a in  datum th e n , cn removal o f  e x te r n a l  lo a d in g , both  
s le e v e s  and arbor c o n tr a c t  an eq u a l amount cn le n g th  and, th e r e fo r e ,  expand  
an eq u a l amount a t  t h e ir  common d iam eter (b ) . y
Ih u s , th e  i n i t i a l l y  developed  r a d ia l  clam ping w i l l  remain v ir t u a l ly  
unchanged during th e  developm ent o f  a x ia l  c la n p in g .
I t  fo llo w s  t h a t ,  th e  i n i t i a l  arbor p r e - te n s io n  WBi . p r io r  t o  p a r t ia l
r e la x a t io n  t o  d evelop  r a d ia l  clam ping and, e v e n tu a lly ,  a x ia l  c la n p in g  i s  
g iv en  by:
WBi'min WBf'non + Z. A 'i'mm (7)
Ih e  s t i f f n e s s  lo s s e s  r e fe r r e d  t o  in  th e  p r e v io u s  s e c t io n  have th e  
e f f e c t  o f  s l i g h t l y  m od ify in g  th e  assumed deform ation  c o n p a t ib i l i t y  im p lie d  
in  eq u a tio n  (7 ) .  I h i s  i s  b ecau se any redundant arb or a x ia l  c o n tr a c t io n  w i l l
a ls o  b e accompanied by an e x c e ss  arbor r a d ia l  ex p a n sio n , w hich i s  in  
a d d itio n  t o  th e  i n i t i a l l y  developed  r a d ia l  in te r fe r e n c e .
Ih e  a d d it io n a l r a d ia l  cla irp ing  s o  accrued i s  d er iv ed  in  Appendix 2 ,  
(eq u ation s a . 10 and a . 1 1 ) .
2«5 For S le e v e  A ssenbly
R eferr in g  t o  F igure 4 , i t  i s  apparent t h a t ,  in  a d d itio n  t o  s a t i s f y in g  
s le e v e  c la n p in g  requ irem ents, arbor p r e -te n s io n  must a ls o  b e  capab le o f t
1. P ro v id in g  s u f f i c i e n t  d iam etra l c lea ra n ce  CLmin t o f a c i l i t a t e
s le e v e  assem bly, where i s  e s t im a te d  t o  be I.IC T 1* mm/irm
o f  d iam eter .
2 .  AccormTodating a maximum m a te r ia l c o n d itio n  ( la r g e s t  arbor  
diam eter w ith  s m a lle s t  s le e v e  b o r e ) . Ih e  minimum req u ir ed  
arbor p r e - te n s io n  (W B ij^ o r  W B f^ )  i s ,  by d e f in i t i o n ,  b ased  
cn an assumed minimum m a te r ia l c o n d itio n  (ST -  Ap = 0 ) .
I t  fo llo w s  t h a t ,  arbor p r e -te n s io n  req u ired  t o  f a c i l i t a t e  assem bly o f  th e  
s m a lle s t  s le e v e s  on t o  th e  la r g e s t  arbor i s  g iven  by:
® a * .  = " “ tttn  + Z (ST + + .................—  (8)
F in a l ly ,  s in c e  i s  a  fu n ctio n  o f  I B f ^ ,  any a d d it io n a l a x ia l  clam ping
a s s o c ia te d  w ith  a  maximum m a te r ia l c c n d it ic n  re p r e se n ts  an e x c e s s iv e ly  h ig h
mean s t r e s s  in  th e  arbor. I h is  s i t u a t io n ,  w hich can be a l l e v ia t e d  b y  
in c r e a s in g  th e  i n i t i a l l y  developed  r a d ia l  clam ping, i s  d is c u s se d  in  Appendix 2 .
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Pa^e 2H-
( i i i )  Case Study fo r  a T y p ica l P rototyp e
The com posite r o l l  p ro to typ e d escr ib ecL in  ih e  fo llo w in g  c a se  stu d y  
i s  a  305 rnm d iam eter , 10 s le e v e d  a s se n b ly , f o r  r o l l i n g  rod and b a r  up t o  
20 mm d iam eter . A l l  s le e v e s  are m anufactured in  Tungsten ca rb id e .
The r o l l in g  lo a d  and d im en sion a l d a ta  (d a ta  s h e e t  1) i s  b a sed  cn  
a su rvey  o f  many e x is t in g " c o n v e n tio n a l r o l l s  and i s ,  th e r e fo r e ,  a  f a i r l y  
t y p ic a l  exam ple.
The com posite r o l l  lo a d in g  s p e c i f i c a t io n ,  to g e th e r  w ith  nom inal 
s t r e s s e s  and deform ation , i s  shown in  Table 1 . A c lo s e r  s t i^ r  o f  th e s e  
r e s u l t s  r e v e a ls  th e  fo llo w in g  p o in ts  o f  in t e r e s t :
1 . Arbor p r e - te n s io n in g  req u ired  t o  f a c i l i t a t e  s le e v e
assem bly and accom m odate m achining to le r a n c e s  i s  about 3
tim es th a t  req u ired  t o  d evelop  s le e v e  clam ping,
2 .  S le e v e  clam ping req u ired  t o  p rev en t a x ia l  s e p a r a tio n  o f  th e
s le e v e s  (due t o  tr a n sv e r se  bending) i s  a lm ost d ou b le  t h a t  
req u ired  fo r  n cr-s lip  tra n sm iss io n  o f  r o l l i n g  to r q u e .
3 . Maximum a x ia l  clam ping i s  about 1 .5  t i n e s  th e  minimum
req u ired  clam ping.
The l a t t e r  o b serv a tio n  i s  an in d ic a t io n  o f  th e  margin o f  e r r o r  
a s s o c ia te d  w ith  th e  d es ig n  a n a ly s is .  T his has t o  b e  to le r a te d  due t o  th e  
u n c e r ta in ty  a s so c ia te d  w ith  th e  a c tu a l s i z e  o f  arb or and s le e v e s  a f t e r  
nm chining.
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DATA SHEET 1 
T y p ica l p ro to ty p e , a l l  carb ide s le e v e  system
p s= 100 KN vA = v s s= 0 .3
T = 6000 KN mm aA = 11 x 10“6
S F = 2 .0 E A = 207 KN/mn2
a = 76 irm
*
as = ‘5 .5  x 10“ 6mnv/Hrr/°c
b = 210 mm Es = 5 1 7 .5  KN/irm2
c . = 305 rrm y =  . 0 .1
W = 50 mm ‘ A T =• 20°C
L = 1268 mm A T - 0 .0 1 3  irm
l i - 634 mm S T 0 .0 1 3  irm
1 2 s= 634 mm CL . mm = 0 .0 2  rrm
LB = 760 rrm
L4 = 254 irm
LN = 130 mm
I S = 130 mm
LA(WB) = 565 irm
LA (WR) = 5 19 .5  mm
r l 146 .2  mm
r 2 = 186 irm
^ 3 = 221 irm
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Thrust rod (e)
Table 1 Typical prototype ~ ell carb ide sleeve sysCem
Loading specification Nominal stresses and deformations
I  Sleeve assembly 2. Sleeve clamping 3. Toll bending
J . : ■. : (based on WBcLftut\ (based cxi HOsm**) fdt/n/d[-S/ten'}
Be ~ 163.5Ke/mmi ParameterMagnitudeParameterMagnitudeFarmeter Hagnitude
me ' W. 2 KN dzZ/t rtom 0,2*5KNftnin SzZ/fnbHd O.OFm'i'xm &/} tionv h m # i
WTr s  160,§ m t)ZZ($n6rH 0t2h®fc* Szijnom 0.05m/mf 6/t fHOX
m - 151 KN uZZR ncm ~1,55ft(Imin 60S * 6*rt 0,06mji»m ,  I
Mmm. *  1220 c// p max Ojfffllmm
Be' ■ •  BTtfflUij tU./Fs*6M 0,02 MM
t  —  m Lift notrt 0,011mm M/A" hrj 0,153 tom _ . "  • -
FJ ■ 1.176 WAnorn 0,5$5 mm -v- V  ■
m /m,n • 2223 m ■ y^ ■ ■.
hi mm '  0,006 mm
U e ‘  0,6031mm ' j •
Ul Mm =  0,0026mm ■ - '  '
WBi mm - 2150 m
WB/tnca - ■ 5051 km — ■  ^ .. . ' i -
hi max ~ O.OfSOmm - ,
WBfmax * 3505^  - ■ ' I
WRmax "  2020 m  ] ' 'm
....: . . : i
WBCLmm * W B m  \ I■ . I - «
C H A P T E R
PHQTQELASTIC MODELS
The m o d e l t e s t s  were d esig n ed  t o  examine th e  proposed  com posite  
r o l l  arrangement w ith  r e s p e c t  t o  th r e e  p r in c ip a l c o n d it io n s  o f  lo a d in g .
Ih e  f i r s t  lo a d in g  c o n d it io n  i s  arbor p r e - te n s io n in g  fo r  s le e v e
a sse n b ly . In a l l ,  some th ree  arbor d es ig n s  were in v e s t ig a t e d ,  s in e s
th e  o r ig in a l  arbor was found t o  be s e v e r e ly  o v er  s t r e s s e d .  A lso  in c lu d ed
in  t h i s  s e r ie s  o f  t e s t s  i s  an a n a ly s is  o f  th e  n o v e l c o l l e t - s h e l l  assem bly.
In th e  fu tu r e  developm ent o f  com posite r o l l s  i t  i s  proposed  t o  u se  t h i s
assem bly fo r  th e  accommodation o f  a  la r g e  range o f  sm a lle r  d iam eter arbors  
by in tro d u c in g  sp a cer  s le e v e s  betw een th e  c o l l e t  and arbor sh o u ld er  (n ot
i l l u s t r a t e d ) .
R e su lts  from th e  p h o to e la s t ic  a n a ly s is  o f  arbor p r e - te n s io n in g  are  
compared w ith  th o se  o b ta in ed  from a f in it e -e le m e n t  id e a l i s a t io n  o f  a  
s im ila r  arb or, d e sc r ib e d  in  Appendix 3.
Ih e  second model t e s t  i s  r e la te d  t o  th e  r e s id u a l  lo a d in g  c o n d it io n s  w hich  
e x i s t  when th e  s le e v e s  are f i n a l l y  clamped on to  th e  arb or. T h is  c o n s t i t u t e s  
th e  mean s t r e s s  c o n d it io n , t o  which a l l  subsequent f a t i g u e - l i f e  p r e d ic t io n s  
are r e la t e d .
Ih e  th ir d  model t e s t  i s  concerned w ith  th e  e f f e c t  o f  su perim posing  
r o l l in g  lo a d  cn th e  r e s id u a l ly  clamped assem bly. For t e s t  p u rp o se s , r o l l i n g  
load  was s im u la ted  by sim p ly -su p p o rtin g  th e  model r o l l  and s u b je c t in g  i t  t o  
tr a n sv e r se  bending a t  m id-span. U nlike th e  p rev io u s  t e s t s ,  tr a n sv e r se  '
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b en d in g  c o n s t i tu te s  an asym m etric lo a d in g  c o n d it io n , f o r  which two 
i d e n t i c a l ly  loaded  node I s  were req u ired . Ih e  ca se  fo r  t o r s io n a l  lo a d in g  
i s  l e s s  se v e r e  and w as, th e r e fo r e , n o t  exam ined.
Each model i s  an a lysed  w ith  r e s p e c t  t o  th r e e  c r i t e r ia :
1 . S tr e s s  C oncentrations
Ih e  p o s it io n  and magnitude o f  lo c a l  s t r e s s  c o n cen tra tio n  are  
id e n t i f i e d ,  and r e la te d  t o  sorre co n v en ien t nom inal s t r e s s  
as s t r e s s  co n cen tra tio n  fa c to r s  (SCF*s).
2 . O v e ra ll deform ation behaviour
Wherever p o s s ib le ,  deform ation  i s  measured d ir e c t ly  from  th e  , 
s t r e s s  fro zen  m odel. Component in t e r f a c e  and lo c a l i s e d  
c o n ta c t  co n d itio n s  are s tu d ie d , e s p e c ia l ly  in  th e  c o n te x t  
o f  assumed m o n o lith ic  b eh a v io u r -o f th e  assem bled r o l l .
3 . S tr e s s  d is tr ib u t io n
T r i - a x ia l  s t r e s s  se p a r a tio n s  are ex ecu ted  in  th e  v i c i n i t y  
o f  lo c a l  s t r e s s  co n cen tra tio n  t o  o b ta in  curves o f  s t r e s s  
d is t r ib u t io n .
Ih e  procedure adopted fo r  t r i - a x i a l  s t r e s s  sep a ra tio n  in  a  p h o to ­
e l a s t i c  model i s  f u l l y  d isc u sse d  in  Appendix 1 . The e f f o r t  r e q u ir ed  t o
o b ta in  curves o f  s t r e s s  d is t r ib u t io n  i s  c o n s id e r a b le , b u t e s s e n t i a l ,  f o r
a com plete understand ing o f  th e  proposed d e s ig n . In  some c a s e s ,  a  knowledge  
o f  s t r e s s  d is t r ib u t io n  can in d ic a te  th e  d e s ir a b i l i t y  o f  d e s ig n  m o d if ic a t io n s  \  
which w ould n o t  o th erw ise  be apparent.
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Ih e p h o to e la s t ic  method a ls o  a llo w s th e  rep rod u ction  o f  I s o c l i n i c  
l i n e s , from which p a tte r n s  o f  p r in c ip a l s t r e s s  t r a j e c t o r ie s  can be  
d e r iv e d . Tnis in fo rm a tio n  i s  complementary to  th e  above s t r e s s  and 
deform ation  a n a ly s is  and o f te n  se r v e s  t o  con firm , o r  d is p u te , apparent 
anaom olies in  measurement.
I t  i s  in ten d ed  t o  u se  th e  r e s u l t s  from t h i s  work t o  e s t a b l is h  a  
g e n e r a lis e d  d es ig n  p roced u re, complementary t o  th e  a n a ly s is  o u t l in e d  in  
Chapter 2 ,  fo r  fu tu r e  o o n p o site  r o l l  arrangem ents.
Model Manufacture
A l l  components .were c a s t  o v e r s iz e  in  A r a ld ite  CT2C0, a  h o t  s e t t in g  
epoxy r e s in ,  u s in g  sim p le  m eta l m oulds. Ih e  unpolym erised  r e s in  was 
m elted  a t  110°C, and 25 p a r ts  p e r  100 o f  P h th a lic  Anhydride w hich had been  
m elted  s e p a r a te ly  a t  about 140°C were added. Ih e  h o t  m ix was s t i r r e d  
th o ro u g h ly , f i l t e r e d  and poured in t o  th e  moulds a t  130°C, when th e  m ix i s  
s u f f i c i e n t l y  m obile t o  a llo w  en tr a in e d  a i r  t o  e s c a p e . Ih e  moulds w ere  
r e ta in e d  o u ts id e  t h e  oven u n t i l  th e  tem perature f e l l  t o  115“ 120°C. Ih e  
r e s in  was th en  a llow ed  t o  s e t  and p a r t cure by r e tu r n in g  th e  moulds t o  
an oven s e t  a t  110°C fo r  16 h ou rs.
A fte r  t h i s  tim e th e  tem perature was reduced  t o  am bient a t  a  r a te  o f  
2%°C p er  hour and th e  moulds were d ism an tled . Ih e  r e s in  cu r in g  c y c le  was 
com pleted by s u b je c t in g  th e  c a s t in g s  t o  an a n n ea lin g  c y c le  in  w hich th e  
oven tem perature was r a is e d  s lo w ly  t o  140°C and th e n  reduced t o  am bient 
a t  2%°C p er  hour. Ih e  c a s t in g s  were rough m achined and annealed  f o r  a
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second  tim e. A l l  th e  c a s t in g s  req u ired  f o r  t h i s  in v e s t ig a t io n  were 
m anufactured frcm  the..sam e b atch  o f  r e s in  and s u b je c te d  t o  th e  saire cu rin g  
p r o c e s s . T his procedure en su red  th a t  s im ila r  m echan ical and o p t ic a l  
p r o p e r t ie s  were o b ta in ed  throughout th e  v a r io u s  m ating components.
Ih e p a r ts  fo r  each model were f in i s h  machined u s in g  t ip p e d  t o o l s .
S p e c ia l form t o o l s  were used t o  o b ta in  th e  f i l l e t  r a d i i ,  which are  
estim a te d  t o  be accu ra te  tt> 0 .0 5  ran. Ih e  c y l in d r ic a l  o u te r  su r fa c e  and 
sh o u ld er  o f  th e  arbor shank, to g e th e r  w ith  th e  b o res  and end fa c e s  o f  th e  
s le e v e s  w ere ground u s in g  a  copious supply  o f  c o o la n t . Subsequent exam ination  
shewed th a t  th e  f la t n e s s  and c o n c e n tr ic ity  o f  th e s e  components was 
s u f f i c i e n t  t o  reproduce th e  id e a l  e l a s t i c  cfeformation b eh av iou r o f  th e  
m ating s u r fa c e s .
F igure 5 shows th e  o v e r a l l  model d im en sion s. Ih e  s c a le  i s  approxim ately  
k o f  th e  f u l l  s i z e  p ro to typ e d escr ib ed  in  Chapter 2 ,  b u t  i s  o n ly  a 3 -  s le e v e d  
assem bly . T h is was con sid ered  s u f f i c i e n t  t o  a llo w  b o th  th e  o v e r a l l  b eh av iou r  
and c r i t i c a l  fe a tu r e s  o f  th e  com posite r o l l  d es ig n  t o  b e  f u l l y  a s s e s s e d .
Model c a l ib r a t io n
In ca rry in g  o u t a  p h o to e la s t ic  a n a ly s is  i t  i s  n e c e ssa r y  t o  e s t a b l i s h  
a r e la t io n s h ip  betw een th e  Isoch rcm atic  fr in g e  number (N) and th e  
p r in c ip a l  s t r e s s  d if f e r e n c e  (op-aq) in  ap p rop riate u n it s .
I n i t i a l l y  th e  mean a x ia l  s t r e s s  in  th e  p r e - te n s ic n e d  arbor was 
determ ined  in  term s o f  th e  o p t ic a l  s e n s i t i v i t y  o f  th e  p h o t o e la s t ic  m a te r ia l .
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R s u j e  3 2
A lo n g itu d in a l s l i c e  was c u t  from th e  s t r e s s  fro zen  model and th e  Iso ch ro ira tic  
fr in g e  nurrfoer measured a t  a  s e r ie s  o f  s t a t io n s  i n  a  reg io n  o f  uniform  s t r e s s ,  
c o in c id in g  w ith  a 0 °  I s o c l i n i c  mid-way a lo n g  th e  arbor shank.
Thus, th e  a x ia l  s t r e s s  a t  any rad iu s i s  g iv en  by;
°zz - Nr. f
where Nr = Iso ch ro ira tic  fr in g e  nunber a t  rad iu s r  
f  = M a ter ia l fr in g e  v a lu e  
t  = T hickness o f  lo n g itu d in a l s l i c e .
I t  fo llo w s  t h a t ,  th e  t o t a l  a x ia l  load  an th e  s e c t io n  i s  g iv e n  by:
V3B = 2 t t
rf o
ri
ozz . r .  dr = 2irf
rr o
Nr. r .  dr (9)
r .1
vh ere r^ and rQ are th e  in n e r  and o u te r  r a d i i  o f  th e  arbor shank r e s p e c t iv e ly .
D e fin in g  th e  nom inal a x ia l  s t r e s s  a s:
azz WB
N _  fnam
nan ir(ro2 -  r±2)
which cn s u b s t i t u t io n  o f  eq u a tio n  (9) g iv e s  th e  nom inal fr in g e  o rd er  a s :
Nnom __ 2
1  "  r f 2) r±
J N r. r .j V dr . . . . . . . . . .  (10)
Unis method o f  c a l ib r a t io n  h as th e  advantage o f  b e in g  independent o f  th e  
a c tu a l v a lu e  o f  th e  a p p lied  lo a d .
E x p ressin g  th e  v a lu e  o f  th e  ta n g e n t ia l  s t r e s s  o zz, m easured a t  
any chosen  lo c a t io n  cn th e  su r fa c e  o f  a  s l i c e  o f  th ic k n e ss  t ^ ,  in  te r n s  
o f  th e  nom inal s t r e s s  azznom i t  fo llo w s  th a t:
dzz _  t
dzz t  N ......................ncm Jd . . nom
where i s  th e  iso ch ra m a tic  f r in g e  number ob served  a t  th e  chosen  lo c a t io n .
Ih e  m aintenance o f  s t r i c t  geom etric  s im i la r i t y  betw een th e  p ro to ty p e  
and model le a d s  t o  th e  conclusion , th a t  th e  correspond ing s t r e s s  in  th e  
p ro to ty p e  arbor w i l l  b e  g iven  by:
where azznCffrp  i s  th e  nom inal a x ia l  s t r e s s  in  th e  p ro to ty p e  arbor shank.
M a ter ia l fr in g e  v a lu e , f :
From eq u ation  (9)
nom
fo r  th e  model arb or, WB = 0 .4  KN r. = 9 .4  irmi
t  = 1 .2 7  mm ro 2 6 .2  rrm
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and
r
r °  Nr—  dr i s  found t o  b e  2 7 6 ,8  rrm frcm  g r a p h ic a l in te g r a t io n .
r .i
f  = 0.4/27T. 27 6 .8  = 2 . 3 ,  lO"’4, KN.rcnT1. iT 1
where f  i s  a  co n sta n t fo r  a l l  m odels, w hich were m anufactured from  th e  
same b a tch  o f  a r a id i t e .
3 .1  Model S u b jected  t o  P re-T ension
3 . 1 . 1  T e s t in g  o f  o r ig in a l  model
For t e s t  purposes th e  a x ia l  p r e - te n s io n  (WB) was p rov id ed  by dead  
w eig h t lo a d in g  a p p lie d  through a  f in e  stran ded  s t e e l  w ir e  and an a r a id i t e  
CT200 d is t r ib u t io n  pad machined t o  re p r e se n t th e  term in a tio n  o f  th e  
p ro to ty p e  th r u s t  rod . S h is  arrangem ent, which i s  i l l u s t r a t e d  in  F igu re  (6 ) ,  
avoid ed  any d i f f i c u l t i e s  a s so c ia te d  w ith  th e  s t a b i l i t y  o f  th e  th r u s t  rod  
o r  f r i c t io n  in  th e  bore o f  th e  arbor.
The symmetry o f  both  th e  geom etry and a p p lie d  lo a d in g  made i t  p o s s ib le  
t o  determ ine th e  lo c a t ic n  o f  s u it a b le  s l i c e s  by  in s p e c t io n ,  a s  shown in  
F igure (7 ) .  S l i c e s  were c u t u s in g  a bandsaw and m i l l in g  m achine, w ith  th e  
s u r fa c e s  b e in g  f in is h e d  by means o f  a  diamond t ip p ed  f ly - c u t t e r .
For accuracy o f  fr in g e  measurement, i t  i s  n e c e s s a r y  t o  en su re  t h a t  
th e  a p p lied  lo a d in g  i s  s u f f i c i e n t  t o  produce an adequate nurrfoer o f  f r in g e s  
p er  rrm in  th e  s t r e s s e d  m odel. However, th e  a p p lied  lo a d in g  must n o t  cau se  
th e  model t o  b e o v er  s tr a in e d  s in c e  t h i s  w ould r e s u l t  i n  d eform ation s  
w hich cou ld  n o t  be r e la te d  t o  th o se  ex p er ien ced  b y  th e  p ro to ty p e .
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FIG. 6 MODE L UNDER PRE -TE NSION
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FIG. 7 ISOCHROMA TIC FRINGE PATTERN OF ORIGINAL MODEL 
UNDER PRE-TENSION
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T h erefore , assum ing th e  o p t ic a l  p r o p e r t ie s  o f  th e  model m a te r ia l  
t o  b e such t h a t ,
1 fringe/mm = 266.1CT6 KN/irm2
and th a t  an adequate number o f  fr in g e s  p er  mm in  th e  arbor shank i s  0 . 8 ,  
th e  d e s ir e d  v a lu e  o f  model p r e -te n s io n  can be determ ined  in  th e  fo llo w in g  
manner: **
The nom inal a x ia l  t e n s i l e  s t r e s s  in  th e  arbor i s  g iv en  b y ,
„ _  m . 4Pzz = —--------nom 2 p.Tr(bz -  a^)
where WB = Arbor p r e - te n s io n
and b & a = Arbor shank e x te r n a l and in te r n a l  d iam eters r e s p e c t iv e ly .
But aZznam i s  a ls o  e q u iv a le n t  t o  0 .8  fringes/m m .
From which , WB = 0 . 4  KN
T his v a lu e  o f  p r e -te n s io n  i s  e q u iv a le n t  t o  an a c c e p ta b le  1% a x ia l  
s t r a in  in  th e  model arbor. The p ro to typ e s t r a in  w ould  b e  about V s  o f  
t h i s  v a lu e .
As a check on th e  t o t a l  a p p lie d  lo a d , th e  f r in g e  d a ta  i s  a n a ly sed  
in  accordance w ith  th e  procedure im p lied  in  eq u a tio n  ( 9 ) .
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Ih u s , fo r  th e  p r e -te n s ic n e d  model arbor, th e  a x ia l  load  mid-way 
a lo n g  th e  arbor shank i s  g iv en  by:
By g r a p h ic a lly  in te g r a t in g  th e  measured f r in g e  v a lu e s  (Nr) th e  
t o t a l  a p p lied  load  i s  c a lc u la te d  t o  b e 0 . 3 8  KN. I h is  r e s u l t  i s  w ith in  
5% o f  th e  s p e c i f i e d  dead w e ig h t lo a d in g .
3 . 1 . 2  Model d isp lacem en ts
F o llow in g  s t r e s s  f r e e z in g  th e  r a d ia l  deform ation  o f  th e  arbor  
shank was ireasured a t  a s e r ie s  o f  tr a n sv e r se  s e c t io n s .  -
Ih e se  r e s u l t s  have been ex p ressed  in  term s o f  th e  p ro to ty p e  deform ation  
u s in g  th e  approxim ate r e la t io n s h ip
tb _ * *2 * g  x x os. .......... (l:c WBm £p Ep vm 
where WBp = P roto typ e p r e -te n s io n  = 7000 KN
WB = —r ~  Nr. r .  dr  t
WBm = Model p r e - te n s io n  
Hm/Zp = Geom etric s c a le  f a c to r
0 .4  KN
Em = E la s t i c  modulus o f  model arbor =  0 .0 2 0 7  KN/mm2
Ep = E la s t i c  modulus o f  p ro to ty p e  arbor = 207 KN/mm2
vm = P o is s o n 's  r a t io  o f  model arbor 0 . 4 8
vp = P o is s o n 's  r a t io  o f  p ro to ty p e  arbor = 0 . 3
From which Up = 0 . 2 7  x um
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Ih e measured r e s u l t s  from th e  p h o to e la s t ic  model were a d ju sted  in  
accordance w ith  eq u a tio n  (12) and are shown in  F igure ( 8 ) .  A lso  in c lu d ed  
i n  F igu re (8) are th e  r e s u l t s  from a f i n i t e  e le ire n t id e a l i s a t io n ,  o f  a  
s im ila r  p r e -te n s ic n e d  arbor w hich i s  d e sc r ib e d  i n  Appendix 2 .  A com parison  
o f  th e s e  two methods w i l l  be d isc u sse d  la t e r .
Frcm F igure (8) i t  can b e  seen  t h a t ,  fo r  approxim ately 80% o f  th e  
shank le n g th , th e  deform ation  p r o f i l e  e x h ib it s  an alm ost p a r a l l e l  c o n tr a c t io n  
(w ith in  0 .0 2  mm f o r  a f u l l  s iz e d  a r b o r ) . r e s is ta n c e  t o  c o n tr a c tio n  i s  
e v id e n t  in  th e  v i c i n i t y  o f  th e  s le e v e  support sh o u ld e r , and i s  probab ly  
due t o  th e  'b u lk ' e f f e c t  o f fe r e d  by t h i s  sh o u ld er . N e v e r th e le s s ,  t h i s  
p r o f i l e  c h a r a c t e r is t ic  i s  a  co n s id e r a b le  improvement (more p a r a l l e l )  o v er  
th a t  a s s o c ia te d  w ith  a  p rev io u s arbor d es ig n  , w hich d id  n o t  in c o r p o r a te  ' 
an u n d er-cu t f i l l e t  rad iu s a t  th e  shoulder. I t  seems rea so n a b le  t o  
assum e, th e r e fo r e , th a t  th e  u n d er-cu t f i l l e t  ra d iu s has th e  e f f e c t  o f  
red u cin g  th e  sh o u ld e r 's  r e s is ta n c e  t o  r a d ia l  c o n tr a c t io n . D e v ia tio n  from  
p a r a l l e l  c o n tr a c tio n  i s  a ls o  e v id e n t  in  th e  v i c i n i t y  a d ja cen t t o  th e  b ore  
term in a tio n . I h i s  i s  probably due t o  th e  a x ia l  p o s i t io n ,  and n o t  th e  
geom etry, o f  th e  bore term in a tio n . Supporting ev id en ce  o f  t h i s  a s s e r t io n  
w i l l  b e  d isc u sse d  in  th e  c o n te x t  o f  r e s u l t s  from fu r th e r  t e s t  work 
d escr ib ed  la t e r  in  t h i s  ch ap ter (S e c tio n  3 . 1 . 6 ) .
3 . 1 . 3  I s o c l i n i c  and S tr e s s  T r a je c to r ie s
F igure (9a) shows i s o c l i n i c  l i n e s  o f  a l l  p o s s ib le  param eters su p e r ­
im posed on th e  p r e -te n s ic n e d  arbour. Ih e se  l i n e s  are th e  l o c i  o f  p o in t s  
o f  c o n sta n t p r in c ip a l  s t r e s s  d ir e c t io n ,  from w hich curves o f  p r in c ip a l  
s t r e s s ,  o r  s t r e s s  t r a j e c t o r ie s  F igure (9b) can b e d ir e c t ly  c b ta in e d  u s in g  
th e  procedure d escr ib ed  in  Appendix 1.
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The s t r e s s  t r a j e c t o r ie s  a lo n g  th e  a rb o r 's  un iform  s e c t io n  (shank) 
are e s s e n t i a l l y  p a r a l l e l  t o  th e  lo n g itu d in a l a x is .  T h is in d ic a te s  th a t  
any tr a n sv e r se  sh ea r  s t r e s s  i s  n e g l i g ib le .  N e v e r th e le s s ,  t h i s  s e c t io n  
can be su b je c te d  t o  conformed bend ing and te n s io n , s o  /chat th e  deform ation  
p r o f i l e  sh a m  in  F igure (8 ) i s  c o n s is t e n t  w ith  th e s e  r e s u l t s .  The o v e r a l l  
p a tte r n  o f  th e  s t r e s s  t r a j e c t o r ie s  i s  smooth w h ich , a lth ou gh  n o t  t o  be  
con fu sed  w ith  load  f le w  o r  d is t r ib u t io n ,  dees s u g g e s t  th a t  th e  arbor  
d es ig n  i s  n o t  u n su ita b le  f o r  i t s  purpose.
3 .1 .4  S tr e s s  C oncentrations
The a x ia l  symmetry o f  b o th  th e  e x te r n a l lo a d  and arbor geom etry  
im p lie s  th a t  th e  p r in c ip a l s t r e s s e s  a t  c r i t i c a l  lo c a t io n s  can b e determ ined  
d ir e c t ly  by making normal o b serv a tio n s  o f  th e  o p t ic a l  p a tte r n s  a t  th e  
boundaries o f  lo n g itu d in a l and tr a n sv e r se  s l i c e s  c u t  from th e  s t r e s s  frozen  
m odel. The iso ch ro m a tic  fr in g e  p a tte r n  o b ta in ed  when th e s e  s l i c e s  are  
observed  in  a l i g h t  f i e l d  c ir c u la r  p o la r isc c p e  i s  shown in  F igu re  ( 7 ) .  
P o s it io n s  o f  c r i t i c a l  s t r e s s  are lo c a te d  by th e  c o n cen tra tio n  o f  Isoch om atic  
f r in g e s .
Thus, fo r  th e  arbor su b jec ted  t o  a x ia l  p r e - te n s io n , a t t e n t io n  i s  
fo cu sse d  p r im a r ily  on f iv e  s p e c i f i c  lo c a t io n s ,  as shewn in  F igu re  (1 0 ) .
In  accordance w ith  eq u a tio n  (1 1 ) , s t r e s s  c o n c e n tr a tio n  f a c t o r s  in  
th e  p r e -te n s ic n e d  arbor can be co n v en ie n tly  e x p r e sse d  i n  term s o f  th e  
nom inal a x ia l  t e n s i l e  s t r e s s  ffAncm miid-^way a lo n g  th e  arbor shank w h ere,
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With th e  e x c e p tio n  o f  th e  f i l l e t  rad iu s a t  th e  b o re  term in a tio n  
(S ec tio n  3 ) ,  th e  s t r e s s  co n cen tra tio n  fa c to r s  in  th e  arbor are a l l  l e s s  
than 3 . The SCF v a lu e  o f  2 .7  f o r  i± e  s h o u l d e r _ _ j f i l l e t  r a d i u s  ( S e c t i o n  1 )  
i s  w ith in  8 % o f  a r e s u l t  o b ta in ed  fo r  a  s im ila r  c c n f ig u r a t ia n  s tu d ie d  by  
Lee and M e s  .
Hie SCF measured in  th e  f i l l e t  rad iu s a t  th e  arbor b ore  term in a tio n  
was about 14 , a lthough  th e  Isoch rcm atic  fr in g e s  w ere;so  con cen tra ted  
i n  t h i s  v i c i n i t y  th a t  t h i s  measurement can o n ly  be_ an approxim ation . The 
- ex trem ely  h i^ i  v a lu e  fo r  t h i s  SCF can b e  a t tr ib u te d  t o  th e  se v e r e  c o n ta c t  
c o n d it io n s  which e x i s t  betw een th e  a ib o r  and s im u la ted  th r u s t  rod . I t  i s  
a p p rec ia te d  t h a t ,  w ith  a  nom inal s t r e s s  in  th e  ord er  o f  0 . 2  KN/imf , .an 
e l a s t i c  SCF o f  14 co u ld  never e x i s t  in  a  s t e e l  p ro to ty p e .
In  subsequent t e s t s  w ith  a lt e r n a t iv e  bore term in a tio n  geom etries  
th e  maximum f i l l e t  s t r e s s  was reduced t o  about 4 .5  x, Nominal arbor t e n s io n .
3 .1 .5  S tr e s s  D is tr ib u t io n s
Hie procedure u s e d  t o  o b ta in  th e  d is t r ib u t io n  o f  th e  th r e e  se p a r a te  
s t r e s s e s , .  d zz , drr and <7<J>cf> through th e  arbor s e c t io n  i s  f u l l y  d is c u s se d  
i n  Appendix 1.
F igu re  (11) shews th e  d is t r ib u t io n  o f  th e s e  s t r e s s e s ,  ex p ressed  as  
m u lt ip le s  o f  th e  nom inal a x ia l  s t r e s s ,  P A  _  a t  S e c t io n  2 ,  f o r  S e c t io n s  1 
and 3 . A t S e c t io n  3 th e  a p p lic a t io n  o f  lo a d  produces a  la r g e  b en d in g  moment 
w ith  th e  maximum t e n s i l e  s t r e s s  b e in g  fu r th e r  in c r e a se d  by th e  g eo m etr ica l 
s t r e s s  c o n c e n tr a tio n . The e f f e c t  o f  th e  bending moment i s  t o  cause ’b e l l in g '
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o f  th e  arbor which ten d s t o  n e u tr a l i s e  th e  d iam etra l c m  tr a c t io n  due t o  
a x ia l  p r e - te n s io n in g . The maximum ta n g e n t ia l  s t r e s s  o f  6 x aAnom does  
n o t  correspond w ith  th e  d ir e c t ly  measured SCF o f  14 s in c e  i t  was n o t  con­
v e n ie n t  t o  sep a ra te  th e  in d iv id u a l s t r e s s e s  a t  th e  p o in t  o f  maximum s t r e s s  
in te n s ity *  S e c t io n  1 i s  a ls o  su b je c te d  t o  a bend ing moment due t o  th e  
o f f  s e t  o f  r e a c t io n  developed  a t  th e  c o l le t - s h e l l /A r b o r  p r e - lo a d in g  sh ou ld er  
in t e r f a c e .  However, th e  r e s u lta n t  moment i s  la r g e ly  d if fu s e d  by th e  
s t i f f n e s s  o f  th e  arbor sh ou ld er  s o  th a t  th e  a x ia l  s t r e s s  d is t r ib u t io n  i s  
e s s e n t i a l l y  perturbed  o n ly  by th e  g eo m etr ica l s t r e s s  co n cen tra tio n  a s so c ia te d  
w ith  th e  s le e v e  su pp ort sh ou ld  f i l l e t .
As would b e ex p e c te d , th e  r a d ia l  and hoop s t r e s s  are  s ig n i f i c a n t l y  
low er than  th e  correspond ing  a x ia l  s t r e s s e s ,  and la r g e ly  r e f l e c t  th e  r a te  ' 
o f  change o f  th e  la t te r ."  I t  sh ou ld  be n o ted  th a t  th e r e  i s  no  d ir e c t  
c o r r e la t io n  betw een th e  hoop s t r e s s  and th e  a x ia l  s t r e s s  on any p a r t ic u la r  
s e c t io n  s in c e  th e  m agnitude o f  th e  form er i s  r e a l ly  determ ined by th e  r a d ia l  
deform ation  and h en ce , th e  lo c a l  s t r u c tu r a l s t i f f n e s s  o f  th e  component.
3 .1 .6  M o d ifica tio n s  t o  Bore Term ination Geometry
Ih e  geom etry o f  bore term in a tio n  in  th e  proposed  arbor d e s ig n  
(o r ig in a l  model) was co n sid ered  most u n sa t is fa c to r y  due t o  th e  v e r y  la r g e  
co n cen tra tio n  o f  s t r e s s  in  th e  f i l l e t  r a d iu s . T h is was m ain ly  a t t r ib u te d  
t o  th e  r e l a t iv e  geom etry o f  th e  m ating s u r fa c e s  w hich ap p aren tly  cau sed  
th e  SCF a s s o c ia te d  w ith  th e  arbor f i l l e t  rad iu s t o  b e  superim posed cn  th e  
SCF due t o  c o n ta c t  betw een th e  arbor and th r u s t  ro d , F igure (1 2 a ) .
47
FIG. 12 1SOCHROMATIC FRINGE PATTERNS FOR ORIGINAL 
AND MODIFIED ARBOR DESIGNS
a. Original Design
b. Modified Designs
P a g e  M
I t  was co n sid ered  e s s e n t i a l ,  th e r e fo r e ,  t o  in v e s t ig a te ,  a lt e r n a t iv e  
b ore term in a tio n s  in  an attem pt t o  reduce th e  a s s o c ia te d  s t r e s s  co n cen tra tio n  .
For th e  purposes o f  in v e s t ig a t io n ,  a  durrny arbor w ith  two b ore
term in a tio n s  geom etries (3 = 40° and 50°) was su b je c te d  t o  th e  same a x ia l
lo a d in g  as th e  o r ig in a l  arbor. F igure (12b) shews th e  Isochrom atic  fr in g e
p a tte r n s  fo r  th e  two m od ified  arbor d e s ig n s . The u n d er-cu t f i l l e t  rad iu s  
i s  a  fe a tu r e  corrmcn t o  b o th -m o d ified  d e s ig n s .
The ta n g e n t ia l  SCF's measured a t  th e  bore term in a tio n  f i l l e t  
rad iu s fo r  3 = 40° and 3 = 5 0 °  were approxim ately 4 .3  and 4 .5  r e s p e c t iv e ly .  
F igure (13) shews th e se  r e s u l t s  compared w ith  th e  o r ig in a l  SCF v a lu e  o f  
approxim ately  14 . T h is comparison in d ic a te s  a  tw o -th ir d s  r ed u ctio n  in  
maximum f i l l e t  s t r e s s  fo r  th e  m od ified  arbor d e s ig n . The hoop SCF's are  
approxim ately  60% l e s s  than t h e ir  r e s p e c t iv e  ta n g e n t ia l  SCF's.
S in ce  th e  d if fe r e n c e  in  SCF v a lu e  fo r  3 = 40° and 3 = 5 0° i s  s m a ll,  
i t  appears th a t  u n d e r -cu ttin g  th e  f i l l e t  r a d iu s , and n o t  any p a r t ic u la r  
cone a n g le , i s  m ainly r e sp o n s ib le  fo r  th e  above r ed u c tio n  in  f i l l e t  s t r e s s .
T his seems rea so n a b le , s in c e  th e  u n d e r c u t  f i l l e t  ra d iu s  e f f e c t i v e l y  p rev en ts  
th e  SCF a s s o c ia te d  w ith  arbor geometry b e in g  superim posed cn th e  SCF a s s o c ia te d  
w ith  c o n ta c t  between th e  th r u s t  rod .and.bore term in a tio n .
The p r o f i l e  o f  d iam etra l c o n tr a c t io n  fo r  th e  m o d ifie d  arbor d e s ig n s  
i s  n o t  s ig n i f i c a n t l y  d i f f e r e n t  from th a t  measured in  t h e  o r ig in a l  m odel 
F igure (8 ) .  T his would ten d  t o  confirm  th e  a s s e r t io n  th a t  th e  p r o f i l e  
c h a r a c t e r is t ic s  o f  a  p r e -te n s io n e d  arbor are dependent on th e  a x ia l  p o s i t io n ,  
and n o t  th e  g e o r e tr y , o f  any p a r t ic u la r  bore term in a tio n  d e s ig n .
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A n a ly s is  o f  bore term in a tio n  f i l l e t  s t r e s s
O bservations frcm th e  p h o to e la s t ic  model in d ic a te d  t h a t  th e  maximum 
f i l l e t  s t r e s s  co u ld  be s e n s ib ly  ex p ressed  in  term s o f  th e  a x ia l  te n s io n  
in  th e  arbor and th e  lo c a l  bending e f f e c t  o f  th e  th r u s t  rod a c t in g  on 
th e  b ore term in a tio n .
F igure (14) shews t h i s  proposed fo r c e  id e a l i s a t io n ,  from w hich th e  
fo llo w in g  e g r e s s i o n  fo r  maximum f i l l e t  s t r e s s  a3irax i s  d e ta in e d ,
= o3nan x Q1 + 53 x Q2
^  = q i  +  2 | _ , q 2 . . . . . . . . . .  a
nom nom
where Ql and Q2 = SCF's which ex p ress  th e  in d iv id u a l c c n tr ib u t io n s  o f
a x ia l  te n s io n  and lo c a l  b en d in g , r e s p e c t iv e ly
a3_ = L oca l a x ia l  te n s io n  a t  S e c t io n  3nom
4 . WB 
" 7r(b2 -  a , z )
and a3 = L ocal bend ing s t r e s s  a t  S e c t io n  3
_ 6M _ 6 . V© fb + a* „ . / , _ rvN+-2. p
-  (b -  a ‘F  It (b + a ' ) [ - T  a  +  <a a ) C ot R
' ; do -  a ')2 ~  ~
Ih e  maximum f i l l e t  s t r e s s  0 3 ^ ^  i s  o b ta in ed  d ir e c t ly  frcm  fr in g e  
ireasurerrents made in  th e  model arb or, so  th a t  th e  c o n s ta n ts  Q l and Q2 
are found frcm  th e  sim ultaneous s o lu t io n  o f  eq u a tio n  (13) f o r  3 =  4 0 °  and 
3 = 5 0 ° .
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Table 2 compares th e  c r i t i c a l  s t r e s s  r e la t io n s h ip s  d e r iv e d  f o r  
3 = 40° and 3 = 5 0 ° , to g e th e r  w ith  an e x tr a p o la t io n  fo r  th e  o r ig in a l  
h a lf -c o n e  a n g le  o f  6 0 °  w ith  an u n der-cu t f i l l e t  r a d iu s . The e x tr a p o la te d  
SCF fo r  3 = 6 0 °  i s  a ls o  in c lu d ed  in  F igure (1 3 ).
TABLE 2 SCF's At Arbor Bore Term ination
8
g3 T a n g en tia l SCF : ........... Hoop SCF . . . . . . . .
a3nom a3max^a3nom Ql Q2 a 3max//a3nom . Q l Q2
40°
50°
60°
2 .0 4 0
1 .638
1 .4 6 1
4 .2 7
4 .46
4 .5 7
5 .3
tl
.11
- 0 .5
H
U
1 .7 8
1 .7 0
1 . 6 6
1 .35
If
It
0 . 2 1
If
11
The m od ified  bore term in ation  geometry was in co rp o ra ted  in  sub­
sequent model t e s t s  concerned w ith  r e s id u a l lo a d in g  and tr a n sv e r se  b en d in g .
3 .1 .7  C o l le t - S h e l l  Assembly
The n o ta t io n  used  in  a n a ly s is  i s  shown in  F igure (1 5 ) . The c o l l e t -  
s h e l l  a sse n b ly  shown in  F igure (13) i s  an axisyranatric  s tr u c tu r e  c o n s i s t in g  
o f  th r e e  118° segm ents and two r e ta in in g  s le e v e s .  The a sse n b ly  tr a n sm its  
th e  f u l l  r e a c t iv e  lo a d in g  du rin g  arbor p r e - te n s io n in g , and w ould n orm ally  
c o n ta in  th e  p ressu re  cap and p is to n  arrangements (F igure 2 ) .
A p relim in a ry  exam ination  o f  th e  s t r e s s  frozen  model su g g e ste d  th a t  
th e  c o l i e t - s h e  1 1  cou ld  be con sid ered  as a  t w o - d i m e n s i o n a l  b ea m , s u b j e c t e d  
t o  a uniform  a x ia l  t e n s i l e  load  vfoich i s  o f f s e t  fr o m  t h e  p o i n t  o f  a p p l i c a t i o n  
T his o f f s e t ,  o r  e c c e n t r ic i t y  e } i s  caused by idle in c l in a t io n  o f  th e  c o l l e t -  
sh e ll/A r b o r  sh ou ld er in te r fa c e ,  as shewn in  F igure (1 5 a ). O b servations from
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Fig. is Resolution oj forces in collet -shell assembly
th e  model showed th e  lo a d  e c c e n t r ic i t y  t o  be eq u a l a t  ea ch  end o f  th e  
a sse n b ly , thus in p ly in g  a  m i  form bend ing moment a lc n g  th e  a x is  o f  
symmetry.
A s im ila r  exam ination  o f  th e  r e ta in in g  s le e v e s  r e v e a le d  t h a t ,  due 
t o  bend ing and r a d ia l  expansion  o f  th e  c o l l e t - s h e l l ,  th e  s le e v e s  were  
su b je c te d  t o  n cn -m ifo rm  in te r n a l  p r e ssu r e , b oth  in  th e  a x ia l  and circum ­
f e r e n t i a l  d ir e c t io n s .
F igu res (7) and  (16) show r e s p e c t iv e ly  th e  iso ch ro m a tic  f r in g e s  
p a tte r n s  in  a  lo n g itu d in a l s l i c e  c u t from th e  c o l l e t - s h e l l  assem bly and a  
c ir c u m fe r e n t ia l s l i c e  frcm  one o f  th e  r e ta in in g  s le e v e s  (S e c tio n  F ) .
L oca tion s o f  maximum s t r e s s , fo r  th e  c o l l e t - s h e l l  are  se e n  t o  b e  i n  th e  
v i c i n i t y  o f  th e  f i l l e t  r a d iu s . Maximum s t r e s s  in  th e  r e ta in in g  s le e v e  
occu rs a t  th e  extrem e edge o f  th e  s le e v e  F igure (7) and in  th e  v i c i n i t y  
o f  th e  in t e r ^ c o l le t  c le a r a n c e , F igure (1 6 ).
Model measurements
(a) C o l le t - S h e l l
. F rin ge measurements were made a t  th e  s h o u l d e r  f i l l e t  r a d i u s  a n d  t h e  
nom inal m id -se c t io n  (S ec tio n s  8 , 9 and 7 in  F igure 13) f o r  s i x  lo n g itu d in a l  
s l i c e s  c u t from one 118° segment o f  th e  c o l l e t - s h e l l .  C onfirm atory  
measurements w ere made on one lo n g itu d in a l s l i c e  from a  d ia m e tr ic a l ly  
o p p o s ite  segm ent. C ircu m feren tia l v a r ia t io n s  in  f r in g e  v a lu e s  w ere found  
t o  b e n e g l ig ib le .
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C r i t i c a l  s t r e s s  v a lu e s
Average ta n g e n t ia l  SCF's c a lc u la te d  fo r  th e  f i l l e t  rad iu s a t  each  
end o f  th e  c o l l e t - s h e l l  are 2 .7  and 3 .0  fo r  S e c t ic n s  9 and 8  r e s p e c t iv e ly .  
R eferr in g  t o  F igu re  (1 3 ) ,  i t  seems reason ab le  t o  su g g e s t  th a t  th e  above 
c r i t i c a l  s t r e s s  d if f e r e n c e  can be a t tr ib u te d  t o  th e  d i f f e r e n t  s le e v e
p o s it io n s  w ith  r e s p e c t  t o  th e  c o l l e t  f i l l e t  r a d iu s . I t  fo llo w s  t h a t ,  th e
1/
s le e v e  p o s it io n  a s s o c ia te d  w ith  S e c t io n  9 i s  su p e r io r  t o  th a t  a s s o c ia te d  
w ith  S e c tio n  8 .
S tr e s s  d is t r ib u t io n s
F igure (17a) shews th e  ta n g e n t ia l s t r e s s  d is t r ib u t io n  around th e  
in n e r  and o u te r  r a d i i  a t  th e  m id -se c tio n  fo r  one 1 1 8 °  segm ent o f  th e  
c o l l e t - s h e l l .
A lthough th e  v a r ia t io n  in  s t r e s s  i s  n o t  e x c e s s iv e ,  i t  i s  apparent 
t h a t  bending about th e  n e u tr a l  a x is  cau ses th e  extrem e ends o f  th e  c o l l e t -  
s h e l l  (p o s it io n s  A1 and A6 ) t o  be su b je c te d  t o  a d d it io n a l t e n s i l e  s t r e s s .  
C onversely , th e r'a r e a  above th e  n e u tr a l a x i s - i s  su b je c te d  t o  a com pressive  
s t r e s s  superim posed on th e  a x ia l  t e n s io n .
A lso  in c lu d e d  in  F igure (17a) i s  a  t h e o r e t i c a l  d is t r ib u t io n  o f  
a x ia l  s t r e s s .  I h i s  i s  b ased  on th e  assum ption t h a t  th e  t o t a l  s t r e s s  in  
th e  c o l l e t - s h e l l  oc can be ex p ressed  in  th e  fo llo w in g  manner:
C ^ D eform ed  profile along collet shell 
Ffg.l'? Collet-shell analysis
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where W = T o ta l a x ia l  load  = WB/3
Ac = C r o s s - s e c t io n a l a rea  o f  c o l l e t - s h e l l '
= 0 (r 2 2 -  r i 2 }
M = im p lied  moment a t  m id-p lane = Wei fe i  -  lo a d  e c c e n t r ic i t y  a t  
m id-plane) 
y  = D istan ce  from NA = (r  Cos 0  -  y )
The above e x p r e ss io n  fo r  t o t a l  s t r e s s  a t  any lo c a t io n  a rom d  th e  
c o l l e t - s h e l l  c ircum ference assumes sim p le beam b eh av iou r .
To determ ine e
For th e  model a sse n b ly , th e  t o t a l  fo r c e  a c t in g  on th e  c o l l e t - s h e l l  
i s  g iv en  by:
V alues fo r  a 2 and a \ ,  correspond ing  t o  r a d i i  r 2 and r l f  a re  m easured  
d ir e c t ly  frcm th e  model c o l l e t - s h e l l  a t  m id -p lan e.
= (r  Cos 0 - 2 ( r 2 3 -  r i 3) S in  0 ]
L3(r22 -  r x2) 0 ]
and I  = Moment o f  I n e r t ia  o f  c o l l e t - s h e l l  about NA
x (0  + S in  0 . Cos 0 )
4 (r2 3 -  r i 3) 2 S in 2  0
9 ( r 2 2 -  r^2 ) 0
where r2 -  r x
and
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S im ila r ly , th e  t o t a l  moment a c t in g  a i  th e  c o l l e t - s h e l l  i s  g iv en  b y ,
f+Qfr 2 ' __
M = W x e i  = (A + Br) (r  Cos 0 -  y) r  dr d0
0 r i
G raphical in te g r a t io n  o f  th e  above e g r e s s i o n  g iv e s ,
Ih e  d er iv ed  v a lu e  fo r  WB (0 .3 4 1  KN) i s  seme 15% l e s s  than  th e  
s p e c i f i e d  dead w e ig h t lo a d in g  o f  0 .4  KN. T nis i s  th e  ex p ected  margin o f  
e r r o r  a s s o c ia te d  w ith  g ra p h ica l in te g r a t io n .
Ih e  n e g a t iv e  s ig n  fo r  e* in d ic a te s  th a t  th e  e f f e c t i v e  o f f s e t  o f  a p p lie d  
load  i s  b elcw  th e  c o l l e t - s h e l l  n e u tr a l a x is .
Ih e  above v a lu e  fo r  e* i s  s u b s t itu te d  in  eq u a tio n  (1 4 ) , and th e  
r e s u lta n t  t h e o r e t ic a l  s t r e s s  d is t r ib u t io n  i s  p lo t t e d  fo r  lo c a t io n s  
A l -  A6 , a t  r j  and r 2 , a s shown in  F igure (1 7 a ). A lthough th e  b en d in g  s t r e s s  
c o n tr ib u tio n  i s  r e l a t iv e l y  s m a ll,  th e  reason ab le  c o r r e la t io n  betw een  th e  
t h e o r e t ic a l  and exp erim en ta l r e s u l t s  would ten d  t o  s u g g e s t  t h a t  th e  assuned  
beam beh av iou r and d er iv ed  v a lu e  fo r  are v a l id .
W = 0 .1 1 4  KN, o r  WB = 0 .3 4 1  KN
and M-= -0 .0 8 2  KN.mm
S in ce M = W x e*
I t  fo llo w s  th a t
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D eform ations
F igure (17b) shews th e  deformed p r o f i l e  o f  th e  c o l l e t - s h e l l  a lo n g  
i t s  a x is  o f  symmetry. Ih e exp erim en ta l curve was m easured d ir e c t ly  from  
th e  m odel. Ih e  t h e o r e t i c a l  curve i s  b ased  cn th e  beam assum ption im p lied  
in  eq u a tio n  (14) fo r  c o l l e t - s h e l l  s t r e s s ,  s o  th a t :
M"= W x Bi
where W = WB/3 KN 
e i  = - 0 .7 3  mm 
u = R adia l deform ation  
and z  = d is ta n c e  from m id-p lane
O bservations from th e  model assem bly su g g e ste d  th a t  th e  c o l l e t - s h e l l  
cou ld  c n ly  b e tr e a te d  as an e l a s t i c  beam up t o  th e  f i l l e t  ra d iu s  lo c a t io n  
{2. - 1 ) .  Beyond th e  f i l l e t  ra d iu s th e  c o l l e t - s h e l l  appeard t o  behave as a  
r ig id  body, b e in g  accompanied w ith  r e l a t iv e l y  la r g e  r a d ia l  deform ation  as  
shewn in  F igure (17b).
A ccrrparisen o f  th e  measured and t h e o r e t i c a l  p r o f i l e s  shews a  
reaso n a b le  c o r r e la t io n ,  a lthough  both  th e  maximum d e f le c t io n  and s lo p e  fo r  
th e  t h e o r e t ic a l  r e s u l t  are l e s s  than th e  m easured v a lu e s  (30% f o r  deform ation) .
= EI d2u
dz2
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I s o c l in i c s  and S tr e s s  T r a je c to r ie s
F igu res (18a and b) shews i s o c l i n i c  l in e s  and s t r e s s  t r a j e c t o r ie s  
s i^ r im p o s e d  on a lo n g itu d in a l s e c t io n  through th e  c o l l e t - s h e l l .
Ih e  p a r a l l e l  t r a j e c t o r ie s  in d ic a te  u n i-d ir e c t io n a l  s t r e s s  w ith  no  
a p p rec ia b le  tr a n sv e r se  sh ea r . T h is i s  co irp atib le  w ith  th e  a p p lie d  lo a d in g  
o f  carfoined te n s io n  and c ir c u m fe r e n t ia l bending. T h is t r a je c to r y  p a tte r n  
i s  a ls o  c o n s is t e n t  w ith  th e  observed  deform ation  b eh av iou r and e l a s t i c  
beam a ssu n p tio n .
(b) R eta in in g  s le e v e s
Three c ir c u m fe r e n t ia l s l i c e s  (A, B, C, D, E and F) were c u t  from  
each  r e ta in in g  s le e v e  as in d ic a te d  in  F igure (1 6 ) . F rin ge  measurements 
were irade every  15° around th e  circum ference a t  th e  in n e r  and o u te r  r a d i i , 
r<i and r 3 r e s p e c t iv e ly .  These r e s u l t s  were averaged o v er  a 120° s e c t io n ,  
s in c e  th e  hoop s t r e s s  was observed  t o  b e sym m etrical about th e  6 0 °  p o s i t io n  
b e in g  maximum a t  0 °  and 1 2 0 ° .
S le e v e  S tr e s s
From Lamd th eo ry  o f  th ic k  c y lin d e r s  under in t e r n a l  p r e s s u r e , th e  
s le e v e  hoop s t r e s s  a t  any r a d ia l  lo c a t io n  i s  g iv en  b y ,
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Fran w hich , a t
a t
r  = rz  ,
r  = r 3 ,
= P
r 32 + r 2 2
lr 32 -  r 2ZJ
2P r 2 ;
r 32 -  r 2 2
Fran th e . m odel, measured v a lu e s  o f  s t r e s s  a t  r  =  r 2 are e q u iv a le n t  t o  
+ P / w h i ls t  th o se  a t  r  = r 3 correspond t o  3 .
I t  fo llo w s  t h a t ,  fo r  th e  model s le e v e s  r 2  = 4 4 .5  rnn and r 3 = 54 mm,
and
o r
0<M>2 -  P x 5 .2 3  
cr<{)4>3 = p  x 4 .23
g<j><f>2 '+ p _  
a$cj>3
Measured s t r e s s  v a lu e s  (acf><P2 +' P and a<f>$3) were s u b s t itu te d  in  
eq u a tio n  (15) and compared w ith  th e  nom inal Larn^  r e s u l t  o f  1 .4 7 ,  as  
shown in  T able 3.
TABTF 3 Hoop S tr e s s  E e su lts  f o r  F e ta in in g  S le e v e s
S le e v e
S e c tio n
cr<f>(f>2+p
cr<f)(p3
Pav. cr<pcj)3 0 (j><p2 
< 10“ 5 I
o H 3 max
^N/irm2
(J6 6 2YY^ max
A 1.4 6 2 .1 4 9 .0 4 1 . 1 1 10 .36 1 8 .9 7
B 1.55 1 .55 6 .5 7 8 . 1 2 7 .4 7 18 .25
C 1 .5 4 0 .4 7 2 . 0 0 2 .4 7 2 . 2 0 3 .5 7
D 1.0 7 0 .6 1 2 .6 0 3 .2 1 5 .8 8 4 .4 6
E 1 .64 1 .45 6 . 1 2 7 .5 7 6 .7 5 1 5 .6 3
.........F . . . . 1 .4 3 3.69 1 5 .61 19 .30 18 .97 3 7 .2 4 .
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A com parison o f  th e  measured r a t io  w ith  th e  nom inal Lam§
r e s u l t  shows t h a t ,  w ith  th e  e x c e p tio n  o f  S e c t io n  D, th e  assumed Lam£ b ehaviour  
fo r  th e  r e ta in in g  s le e v e s  appears t o  b e reason ab ly  s u b s ta n t ia te d . Observa­
t io n s  in  th e . model in d ic a te d  th a t  th e  r e ta in in g  s le e v e  in  th e  v i c i n i t y  o f  
S e c tio n  D was n o t  in  c o n ta c t  w ith  th e  c o l l e t - s h e l l .  T h is would e x p la in  
th e  lew  hoop s t r e s s  measured a t  S e c t io n  D.
Measured v a lu e s  o f  nom inal and maximum hoop s t r e s s  are a ls o  in c lu d e d  
in  Table 3 . "These r e s u l t s  are b ased  on th e  average measured p r e ssu r e  Pav
r e le v a n t  t o  each  s e c t io n .  R eta in in g  s le e v e  SCF v a lu e s  ( fo r  r  ~ x z )  a re
shown in  F igure (1 3 ) , b u t are ex p ressed  in  term s o f  a  s in g le  e q u iv a le n t  
fo r c e  S fo r  con ven ien ce . The d e r iv a tio n  o f  e q u iv a le n t  fo r c e  S i s  l a t e r  
d escr ib ed  in  th e  c o n te x t  o f  s t r u c tu r a l  id e a l i s a t io n .  -
S le e v e  deform ation
. From a c o n s id e r a tio n  o f  Lam£, i t  can be shown t h a t ,  th e  average  
s le e v e  deform ation  a t  r  = r 2 i s  g iv en  by:
62&v  = (g< -  v . Pav)
where a<f>d>2 = Measured v a lu e  o f  hoop s t r e s s  a t  r 2
and Pav = Average measured p re ssu r e .
V alues o f  62 were c a lc u la te d  fo r  S e c t io n s  A-F and, w ith  th e
3V
e x c e p tio n  o f  s le e v e  D, found t o  be w ith in  15% o f  th e  m easured r a d ia l  
deform ation . The e r r o r  a s so c ia te d  w ith  S e c tio n  D (35%) was a ga in  a t t r ib u t e d -  
t o  la c k  o f  c o n ta c t  w ith  th e  c o l l e t - s h e l l .
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S tru ctu re  I d e a l is a t io n
I t  was apparent from th e  p reced in g  p h o t o e la s t ic  exam ination  o f  a  
.model c o l l e t - s h e l l  assem bly th a t  th e  a c tu a l s tr u c tu r e  w ould  req u ir e  • 
co n s id e r a b le  s im p li f ic a t io n  t o  f a c i l i t a t e  in c lu s io n . in  th e  o v e r a l l  d e s ig n  
procedure fo r  com posite r o l l s .
O bservations from th e  model t e s t s  su g g este d  t h a t  th e  th r e e -d in e n s ic n a l
c o l l e t - s h e l l  co u ld  b e tr e a te d  as a  tw o-d im en sional beam, sep a ra ted  in t o  an
e l a s t i c  s e c t io n  and a  r i g id  s e c t io n ,  as shown in  F igure (15b ). Ih e  a p p lie d
l o a d i n g  i s  r e p r e s e n t e d  b y  .an o f f s e t  a x i a l  t e n s i l e  l o a d  W o n  t h e
c o l l e t - s h e l l  an d  an  e q u i v a l e n t  r a d i a l  f o r c e  S a t  a  l o c a t i o n  on
t h e  r e t a i n i n g  s l e e v e . '  T he a x i a l  l o a d  i s  . o f f s e t  fr o m  t h e '  n e u t r a l
a x i s  b y  e i  - a t  t h e  c o l l e t - s h e l l  m i d - s e c t i o n ,  a n d  b y  e  a t  t h e  p o i n t
o f  l o a d  a p p l i c a t i o n .  T he c o l l e t - s h e l l *s  s e c o n d  m om ent o f  a r e a  i s  
t h e  sam e f o r  b o t h  t h e  a c t u a l  and  i d e a l i s e d  s t r u c t u r e s .
D eform ation b ehaviour o f  th e  model assem bly fu r th e r  in d ic a te d  th a t  
i t  would h o t  be unreasonable t o  assume matched r o ta t io n  o f  th e  c o l l e t -  
s h e l l  and r e ta in in g  s le e v e  <f> in  a  f u l l - s i z e d  p ro to ty p e . I t  i s  a ls o  a ssu red  
th a t  th e  lo a d  o f f s e t  e ,  measured from th e  m odel, i s  comparable w ith  t h a t  
t o  b e ex p ec te d  in  any s im ila r ly  p rop ortion ed  c o n f ig u r a t io n .
Ih e  problem  i s ,  th e r e fo r e , t o  e s t a b l i s h  a  r e la t io n s h ip  betw een  th e  
known param eters? W, e ,  £ ,  % £ 3  and and th e  unknown v a r ia b le s ;
S , <5 and <J>.
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Foroe cm s t a i n i n g  s le e v e
9
In fe r r in g  t o  F igure (15b) , l e t  P 3 and be th e  r a d ia l  p ressu re  
a c t in g  cn -the s le e v e  a t  p o s i t io n s  £3  and ^ r e s p e c t i v e l y .
I f  p  i s  th e  p ressu re  a t  a  d is ta n c e  Z frcm th e  s le e v e  ed g e , then
From V7hich,
Moirent cn r e ta in in g  s le e v e
p ~ P3 + Eit— E l x z 
£4 ~ £3
s  =
rlit-SL 3
p x J3 x r2 .d z
o
s  = /3  X r j BS-.+ P.H. ( lit  ~ 1 3>
L et z  be d is ta n c e  a lo n g  c o l l e t - s h e l l ,  measured frcm  m id -secticsn .
Moments about p o s it io n  z = £ 3 , g iv e s
M = S (£2  -  £ 3) =
£1*—£3
p X y j  x r 2 x Z .dz
T (£4 -  £3) ^ (P3 +  2pif)
W ritin g , 6 S U 2 ~ £ 3 ) _  „  ,“Z--------------- a-------- ~  P3 + 2p4
/ 3  x r 2 (£4  -  £ 3 ) 2
and
P4 ~ P 3 = 2 ( P s  + 2pk)  ~  3(P3 + Plf)
(16)
. .  (17)
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Substituting frcm (16) and (17) gives,
P4 -  P3
6 S
/3  x r 2 ttii -  £ 3 ) 2
(2  x £ 2 ~ + £ 3))  ...............
R adial d isp la o en en t o f  r e ta in in g  s le e v e
E x £ <j) (|) = E x = o<b(b -  v x arr
w here, 6 = R adia l d isp lacem en t
At r  = r 2 , a rr  = -  p
<J(f)(f> = p x
E x _  = p
f r 32 +  r 22^
r 32 -  r 22J
from Lam*
Lr 32 " r 2 2
+ v
W ritin g , 6 = FI x p
where FI = ~ r  E
^3 + r 2/
r 32 -  r 2 2
+ v
i t  fo llo w s  t h a t ,  
and
63 = FI x p 3 
611 = FI x p 4
where 6 3 , P 3 and 6 ^, p^ are th e  r a d ia l  d isp lacem en ts and p r e ssu r e s  a t  
p o s it io n s  £3  and £4 r e s p e c t iv e ly .
Ih e  mean d isp lacem en t o f  s le e v e  a t  — - ~ - —3 i s  g iv e n  by;
J  = + M  = F1 x <P3 + Pt>
. .  (18)
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Substituting frcm (16)
6 = FI
lV3 x r 2 ( £ 4 -  £ 3)
|kaL±_£ai' 
V3 x {<Lh -  ^3) s [ [ r 32 -  r 2 2
+ v (19)
R otation  o f  r e ta in in g  s le e v e  „
Ih e  r o ta t io n  o f  s le e v e  i s  g iv en  by
$ -  Stf -  ^3 -  : (P t -  Pa)l i t  ~ I s  t x  { l i t  “ A3)
S u b s t itu t in g  from (18) fo r  (pu -  p 3)
6S 212  -  (&3 + l i t) rr 32 + r 2 2
/3  x e  (£i* -  i 3) \ r 32 -  r 2 2
+ v
D iv id in g  (19) by (2 0 ) ,
(20 )
«/♦' =
(Atf -  &3) 2
6 (2 £ 2 -  ( £ 3 + 1^))
(21)
C o lle t - S h e l l  Ds form ation
Moirent on c o l l e t  s e c t io n  i s  g iven  b y ,
M -  Vie 1 = We -  S U 2 -  £ 1)
b u t M = EI d2u
dz2
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in te g r a t in g  EI §  = Mz + A
' Mz2I n te g r a t in g  EI u  -  + Az + B
When z = 0 ; du/dz = 0 ; u = 0  . *. A = B = 0
When z -  Z:
f z  = * = H “ i t  <Vfe" S { * 2 “  M )  ...........  —  (2 2 )
MO 2 o2
and u  = (We -  S U 2 “ &l) )    (23)
Frcm w hich ,
5 = xftfe -  S(X2 “  l i ) ) .     (24)
D iv id in g  (24) by (23)
T* / i   (^3 &) /<jr\0 / 9  — rj » • • » • • • • • •  \foj)
E quating (21) and (2 5 ) , assum ing matched r o ta t io n  o f  c o l l e t - s h e l l  and 
r e ta in in g  s le e v e ,  g iv e s
i z = — (£i— M i .  + M .+ l 1*.    (26)
6 ( l 3  . +  -  Z )
From w h ich , i t  i s  apparent th a t  th e  p o s it io n  o f  th e  e q u iv a le n t  r a d ia l  fo rce . 
S i s  independent o f  th e  m agnitude and o f f s e t  o f  th e  a p p lie d  lo a d .
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F in a l ly ,  S u b s t itu t in g  f o r  £2  in  (24) and e q u a tin g  w ith  (19) to  
e v a lu a te  S in  term s o f  e ,  i t  can be shown t h a t ,
We -----
21 fr 32 .j- + v
l-ra2 -  r 22 + (12 ~  *1)
/ 3  x £ {SLii " 2 3 ) (2 3  +  Jti* — &)
Conparisan w ith  model measurements
C onfirm ation o f  sircp le beam behaviour f o r  th e  c o l l e t - s h e l l  and Lam£ 
a n a ly s is  fo r  th e  r e ta in in g  s l e e v e s ,  has a lrea d y  been  dem onstrated  in  th e  
m odel a n a ly s is .
I t  i s  o n ly  req u ir ed , th e r e fo r e , t o  a s s e s s  th e  v a l i d i t y  o f  fo r c e  
id e a l i s a t io n  an th e  r e ta in in g  s l e e v e s .
In th e  m odel, th e  t o t a l  r a d ia l  fo r c e  S an d  moment..M a c t in g  cn  th e  
r e ta in in g  s le e v e  are o b ta in ed  by g r a p h ic a lly  in t e g r a t in g  th e  m easured average  
p ressu r e  Pav. a lo n g  th e  s le e v e  le n g th , from v h ic h ,
S = 0 .0 3 6  KN 
and M = 0 .6 6  KN.mm
I t  fo llo w s  t h a t ,  th e  e f f e c t i v e  p o s it io n  o f  S i s  g iv en  b y ,
(*2 -  *-3) = |
. *. £2  = 3 9 .3  rrm
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I f  th e  e x p r e ss io n  fo r  £2  in  eq u ation  (26) i s  ev a lu a te d  fo r  th e  model 
d im en sion s, th en  o
£2  = 36 mm
S im ila r ly , i f  S i s  c a lc u la te d  from eq u a tio n  (27) th en ,
S = 0 .0 2 2  KN
A com parison o f  th e s e  r e s u l t s  shows t h a t ,  w h i l s t  th e  r e s p e c t iv e  
v a lu e s  fo r  £2  a re  i n  good agreem ent, th e  e r r o r  betw een measured and 
t h e o r e t i c a l  v a lu e s  fo r  S i s  a lm ost 40%. T his e r r o r  i s  e q u iv a le n t  t o  
about 10% o f  th e  t o t a l  a x ia l  lo a d  on each  c o l l e t  segm ent. Check 
measurements in  th e  m odel a n a ly s is  rev e a led  th a t  th e  maximum e r r o r  
a s s o c ia te d  w ith  g r a p h ic a l in te g r a t io n  would n o t  a f f e c t  th e  above 
r e s u l t  by more than  10-15%.
I t  was f i n a l l y  concluded th a t  th e  above d iscrep a n cy  betw een  
measured and t h e o r e t ic a l  v a lu e s  fo r  S m ust b e  a t tr ib u te d  t o  th e  
r e l a t i v e l y  la r g e  deform ations ex p erien ced  by th e  m odel assem bly , 
w hich a re  p a r t ic u la r ly  c r i t i c a l  in  th e  v i c i n i t y  o f  th e  r e ta in in g -  
s le e v e .
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I t  i s  argued th a t  th e  proposed t h e o r e t i c a l  trea tm en t o f  
e q u iv a le n t  fo r c e  e v a lu a tio n  i s  irore s u it e d  t o  a  s t e e l  p ro to typ e  
s in c e  th e  corresponding deform ations are co n sid era b ly  l e s s  than  
th o se  a s s o c ia te d  w ith  th e  p h o to e la s t ic  m odel.
3 .2  Models S u b jected  t o  R esid u a l Loading  
3 » 2 .1  Assem bly and t e s t in g
Ih e  m odel arbor (w ith  m o d ified  b ore  term in a tio n  g ea re try ) was 
p r e -te n s io n e d  u s in g  th e  procedure adopted fo r  th e  f i r s t - t e s t .  Ih e  
r a d ia l  d isp lacem en t o b ta in ed  was j u s t  s u f f i c i e n t  t o  a llo w  f o r  assem bly  o f  
th e  s l e e v e s ,  and no s p e c ia l  p reca u tio n s  were needed t o  en su re th a t  th e  
c o n c e n tr ic ity  o f  th e  components was m ain tained  d u rin g  subsequent 
o p e r a t io n s . Ih e  threaded  co n n ectio n  betw een th e  r e ta in in g  n u t and 
arbor was rep la ced  by a  cemented j o in t  s in c e  i t  was ex p ected  th a t  
th e  l a t t e r  cou ld  b e  m ech an ica lly  su p e r io r , b e  fr e e  from th read  
e r r o r s  and ensure an even  d is t r ib u t io n  o f  th e  r e s id u a l  clam ping  
fo r c e  (WR) betw een th e  in te r a c t in g  components; ih e  q u a lity  o f
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th e  cem ented j o in t  was en su red  by c a r e fu l c le a n in g  o f  th e  su r fa c e  and 
in j e c t in g  l iq u id  c o ld  s e t t in g  epoxy in t o  a  c ir c u m fe r e n t ia l groove machined 
a t  th e  forward end o f  th e  n u t. I n je c t io n  o f  th e  cement con tin u ed  u n t i l  
th e  ad h esiv e  flcw ed  f r e e ly  from th e  o p p o site  end o f  th e  n u t. During t h i s  
t in e  th e  n u t was m ain ta ined  in  th e  c o r r e c t  p o s i t io n  by  a  j i g  w hich p rov id ed  
a sm a ll a x ia l  lo a d  cn th e  n u t and s le e v e  assem bly. Ih e  a d h esive  was a llow ed  
t o  s e t  and was th en  cured  by r a i s in g  th e  tem perature t o  60°C fo r  two h o u rs . 
Ih e w hole assem bly was f i n a l l y  annealed  t o  d is t r ib u te  th e  r e s id u a l  clam ping  
fo r c e  throughout th e  model assem bly , which i s  shown in  F ig u res  (19) and (2 0 ).
T his lo a d in g  procedure i s  d ir e c t ly  comparable w ith  th a t  em ployed  
f o r  th e  p ro to ty p e . T h erefore , th e  r e la t io n s h ip  betw een arbor p r e - te n s io n  .
WB and s le e v e  clam ping WR in  th e  model assem bly i s  a l s o  in  accordance w ith  . - 
eq u a tio n  (6 ) ,  s o  th a t:
WB = WR M .  EA. LA (WR) LA (WR)' AA. Es 1 . LA (WB) . LA (WB)
ig n o r in g  s t i f f n e s s  lo s s e s
where EA = Ese ' = 0 .2 0 7  KN/mm2
As = (c2 -  b 2) = 2380 mm2
M  = (b2 -  a2) = 1879 mm2
LA(WB) = 76 mm 
I A ( m )  = 89 mm
From w hich , . WR = 0 ,  477.. WB
I f  WB = 0 .4  KN, th en  .WR = 0 .1 9  .KN
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FIG. 19 ASSEMBLED ROLL UNDER RESIDUAL LOADING
P a g e  J 5
' However, u s in g  th e  d ir e c t  measurement method o f  ch eck in g  th e  t o t a l  
a x ia l  load  r e ta in e d  in  th e  model assem bly in d ic a te d  v a lu e s  o f  r e s id u a l  lo a d  
co n sid era b ly  l e s s  than  th e  t h e o r e t ic a l  p r e d ic t io n . The t o t a l  t e n s i l e  lo a d  
in  th e  arbor was found t o  be 0 .1 3  KN, w h i ls t  th e  t o t a l  com pressive lo a d  
in  th e  s le e v e s  was found t o  be 0 .1 4  KN.
I t  was su sp ec te d  th a t  th e  d if fe r e n c e  betw een th e  measured and 
exp erim en ta l v a lu e s  o f  r e s id u a l load  was due t o  th e  i n i t i a l  assum ption o f  
n e g l ig ib le  s t i f f n e s s  lo s s e s  in  th e  model assem bly. E vidence o f  s le e v e  
f l e x in g  was o b ta in ed  from fr in g e  measurements made i n  th e  v i c i n i t y  o f  
th e  s le e v e / s le e v e  in t e r f a c e s ,  F igure (2 0 ). These o b se r v a tio n s  in d ic a te d  
a  ra p id  red u ctio n  in  c o n ta c t p ressu re  a t  lo c a tio n s-a b o v e  th e  minimum 
groove d iam eter . .
I f  th e  e f f e c t i v e  s le e v e  area  i s  taken t o  b e  that, u h ich  l i e s  below  
th e  annular groove, th en ,
(ce 2 " b? )
where ci = c  -  2 .R  = 6 7 .6  mm in  F igure (5)
0
Thus, As0 = 1428 mm2
and, WR = 0 .3 7 .  WB = 0 .1 4 7  KN
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FIG. 20 ISOCHROMATIC FRINGE PATTERN OF ASSEMBLED M O D E L  
UNDER RESIDUAL LOADING
P a g e  7 7
I h is  r e s u l t  i s  w ith in  8% o f  th e  ireasured v a lu e  o f  r e s id u a l lo a d  and 
in d ic a te s  t h a t ,  in  t h e o r e t i c a l  c a lc u la t io n s , th e  e f f e c t i v e  e x te r n a l d iam eter  
o f  th e  s le e v e s  (ce ) c o in c id e s  w ith  th e  r o o t  d iam eter o f  th e  annular groove.
3 .2 .2  I s o c l in i c s  and S tr e s s  T r a je c to r ie s
F igure (21a) shows i s o c l i n i c  l i n e s  o f  a l l  param eters sip erim posed  
cn a lo n g itu d in a l s e c t io n  through th e  r e s id u a lly  d am p ed  r o l l  assem bly.
Ih e s t r e s s  t r a j e c t o r ie s  sh a m  in  F igure (21b) are  o b ta in ed  d ir e c t ly  from  
th e  i s o c l i n i c s  as p r e v io u s ly  d escr ib ed  in  S e c t io n  3 .1 .3 .
P a r a l le l  t r a j e c t o r ie s  a lo n g  th e  arbor shank in d ic a te  th e  absence  
o f  tr a n sv e r se  sh e a r , w h i ls t  th o se  through each  s le e v e  are p erturbed  o n ly  : - ' 
by th e  annular groove. " I h i s  -tends t o  su g g e st  th a t  th e  c r i t i c a l  s le e v e  
s t r e s s  co u ld  be e^qpnessed in  term s o f  a  geom etric  SCF r e la t e d  t o  th e  
annular groove. Ih e d is t r ib u t io n  o f  r e s id u a l lo a d  through th e  r o l l  asseirb ly  
fo llo w s  th e  tr a je c to r y  rou te  which changes from te n s io n  in  th e  arbor t o  
com pression  in  th e  s le e v e s .  T r a je c to r ie s  in  th e  v i c i n i t y  o f  lo a d  t r a n s fe r  
from arbor t o  r e ta in in g  n u t are in c l in e d  a t  4 5 ° . I h i s  in d ic a te s  a  c o n d it io n  
o f  pure sh ea r  s t r e s s  cn tr a n sv e r se  s e c t io n s  and s e r v e s  t o  con firm  th e  
component s t i f f n e s s  id e a l i s a t io n  fo r  th e  model r o l l  assem bly .
3 .2 .3  S tr e s s  C oncen tration s in  Arbor
C r i t ic a l  s e c t io n s  are aga in  id e n t i f i e d  by th e  c o n c e n tr a tio n  o f  i s o -  
chrom atic fr in g e s  observed  in  th e  lo n g itu d in a l and hoop s l i c e s  c u t  from  
th e  model asse irb ly , F igure (2 0 ). '
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F igure (22) id e n t i f i e s  th e  p o s it io n  o f  c r i t i c a l  s t r e s s e s ,  to g e th e r  
w ith  a  ta b u la tio n  o f  t h e i r  a s so c ia te d  SCF's measured d ir e c t ly  from th e  
model arbor. A l l  r e s u l t s  are ex p ressed  in  terms o f  th e  nom inal arbor  
te n s io n  cr,Anam» T his approach, a llo w s  a d ir e c t  coirpariscn w ith  r e s u l t s  from  
th e  arbor p r e - te n s io n in g  t e s t .
Ih e  c r i t i c a l  s t r e s s  v a lu e s  f o r  arbor s e c t io n s  1 , 3 ,  5 and 6 are
00
c o n s is t e n t  w ith  th e  observed  r e d is tr ib u t io n  o f  a x ia l  lo a d  from s le e v e  
asse irb ly  t o  s le e v e  cla irp ing c o n d it io n s . E vidence o f  l o c a l  bend ing in  th e  
v i c i n i t y  o f  th e  arbor sh o u ld er  (S ec tio n  1) and th e  r e ta in in g  n u t (S e c t io n  6) 
i s  r e f l e c t e d  in  t h e i r  r e s p e c t iv e  SCF v a lu e s ,  w hich are approxim ately double  
th o se  measured in  th e  p r e -te n s io n e d  arbor. Ih e  cla irp ing  fo r c e  in  th e  s le e v e s  
i s  ap p aren tly  rea c ted  a g a in s t  th e  arbor s le e v e  su p p o r ts , w hich cau ses  
an a d d it io n a l lo c a l  bending s t r e s s  t o  b e superim posed an th e  nom inal 
r e s id u a l  te n s io n  in  th e  arbor. A more com prehensive a n a ly s is  o f  th e s e  
c r i t i c a l  s t r e s s  v a lu e s  i s  d isc u sse d  in  th e  co n tex t o f  su bseq u en t t e s t s  
w ith  r o l l  bending (S ec tio n  3 .3 .3 ) .
The SCF a s s o c ia te d  w ith  S e c tio n  4 i s  o m itted  in  F igure (22) , s in c e ,  
in  th e  r e s id u a lly  loaded  m odel, i t  i s  no lo n g er  c r i t i c a l  ( l e s s  than
10% V A  ).ncm
3 .2 .4  S tr e s s  C oncentration  in  th e  S le e v e s
The s le e v e s  are su b je c te d  t o  a x ia l  com pression , which r e s u l t s  in  
l o c a l  bend ing in  th e  v i c in i t y  o f  th e  annular groove. T his ca u ses  th e  
s le e v e  t o  f l e x  inw ards, thus r e d is tr ib u t in g  th e  in te r fa c e  p r e ssu r e  betw een
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each  s le e v e  as p r e v io u s ly  d e sc r ib e d  in  Section . 3 .2 .1 .  C onsequently , a  
s t r e s s  co n cen tra tio n  i s  developed  a t  th e  p o s it io n  o f  irdininurn groove 
d ia ir e ter , m e r e  th e  e f f e c t  o f  l o c a l  bend ing i s  "maximum.
I t  seems rea so n a b le , th e r e fo r e , t o  ex p ress  t h e  maximum s le e v e
s t r e s s  c * i n  term s o f  a  nom inal s t r e s s  a ‘s  „ and a geom etric  SCF,max nom .
so  th a t:
o ' s  = o ' s  x KR   (28)max . nom ' 7
where a ' snam = Nominal com pressive s t r e s s  in  r e s id u a l ly  lo ad ed  s le e v e s
WR. 4
*(cB2 - bz)
and KR = G eom etric SCF a s s o c ia te d  w ith  each  s le e v e .
In F igure (2 2 ) , i t  can be seen  th a t  KR (T an gen tia l SCF) v a r ie s  
from 1 .5  fo r  s le e v e s  S2 and S 3 , t o  1 .8  f o r  s le e v e  S I .
The h ig h e r  s t r e s s  in  s le e v e  SI i s  probably a  fu n c tio n  o f  th e  arbor  
f i l l e t  rad iu s (S ectio n  1) which under c u ts  th e  arbor shank and su pp ort  
sh o u ld er . T h is has th e  e f f e c t  o f  in c r e a s in g  th e  lo c a l  bending s t r e s s  cn  
t h i s  p a r t ic u la r  s le e v e .
3 .2 .5  S tr e s s  D is tr ib u t io n s
F igu re (23) shews th e  d is t r ib u t io n  o f  p r in c ip a l  s t r e s s e s  crzz, a r r  
and acf>4> in  th e  r e s id u a lly  load ed  r o l l  assem bly. M l  s t r e s s e s  are e x p r e sse d  
in  term s o f  th e  nom inal s t r e s s  in  e i t h e r  th e  arbor o r  s le e v e s .
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° — °  Axial stress, dzz 
* — *  Hoop stress. d$4> 
9 *  Radial stress, tirr
+re -  Tensile stress 
-ve= Compressive stress
r r
Ih e  hoop and r a d ia l  s t r e s s e s ,  a$<j> and a r r , are n ever  c r i t i c a l ,  and 
la r g e ly  r e f l e c t  th e  r a te  o f  change o f  th e  more im portant a x ia l  s t r e s s ,  
a z z . Zero r a d ia l  s t r e s s  in d ic a te s  an unloaded boundary, w h i l s t  e q u a l r a d ia l  
s t r e s s  a t  each S leeve/A rb or in t e r fa c e  in d ic a te s  uniform  r a d ia l  in te r fe r e n c e  
cla irp ing a lc n g  th e  arbor shank.
R esid u a l lo a d  tr a n sfe r e n c e  from s le e v e s  t o  arbor ca u ses  l o c a l  b end ing  
cn S e c t io n  1 , r e s u l t in g  in  a peak s t r e s s  o f  about 4 x a l Anam. lih i s  i s  67% 
g r e a te r  than  th a t  a s s o c ia te d  w ith  arbor p r e - te n s io n in g . C onseq u en tly , th e  
SCF a t  S e c t io n  1 i s  probably a  fu n ctio n  o f  p a s s in g  lo a d  in  th e  arb or and 
l o c a l  bend ing due t o  th e  s le e v e s  a c t in g  on th e  arbor sh o u ld er .
Ih e  s l i g h t l y  ncn-uniform  d is t r ib u t io n  o f  a x ia l  s t r e s s  a t  S e c t io n  2 
can b e  a t tr ib u te d  t o  th e  method o f  end r e s t r a in t  a t  each  end  o f  th e  a s se n b ly .
Ih e e f f e c t  o f  tr a n s fa r in g  a x ia l  lo a d  through th e  r e ta in in g  n u t in s te a d  o f  
th e  bore term in a tio n , reduces th e  peak s t r e s s  a t  S e c t io n  2 ,  from  about 
4 .6  (iro d ified  arbor d esign ) t o  2 .7  x a,Ancm*
d h e  s t r e s s  d is t r ib u t io n s  observed  in  s le e v e s  S2 and S3 can b e  
co n sid ered  t y p ic a l  fo r  any oorrparable s le e v e  geom etry, s in c e  n e i t h e r  are  
a s s o c ia te d  w ith  l o c a l  p er tu rb a tio n s  o th er  than th e  annular groove . Ih e  
SCF a t  th e  groove r o o t  i s  about 1 .5  fo r  both  s le e v e s .  I h is  r e s u l t  i s  
co n sid era b ly  l e s s  than th a t  a s so c ia te d  w ith  comparable g eom etr ic  d i s c o n t in u i t i e s ,  
such as a  step p ed  s h a f t  w ith  a f i l l e t  r a d iu s , whose SCF i s  n orm ally  in  th e  
o ld e r  o f  1 .9  -  2 . 1 (2 3 ) .
Ih e  a x ia l  s t r e s s  d is t r ib u t io n  in  s le e v e  SI i s  c c n s is t a n t  w ith  th e  
a d d it io n a l l o c a l  b end ing s t r e s s  a c t in g  cn t h i s  s l e e v e ,  due t o  c o n ta c t  w ith  
th e  arbor support sh o u ld er .
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3 .3  Models S u b jected  t o  Combined F es id u a l Loading and T ransverse 'Bending
3 .3 .1  Assembly and t e s t in g
A xisym m etric, r e s id u a l ,  lo a d in g  in  th e  model assentoly  was accom plished  
u sin g  th e  procedures adopted in  th e  f i r s t  and s e c o n d 't e s t s .  The s im u la ted  
r o l l in g  lo a d  (P) was a p p lied  through a  c y l in d r ic a l ! ;  rod  m anufactured in  
A r a ld ite  CT200 as shown in  F igure (2 4 ) . The req u ired  b en d in g  lo a d  was 
r e l a t iv e l y  sm a ll when carpared w ith  th e  p r e - te n s io n  and se lfH rje ig h t o f  th e  
m odel. C onsequently , t o  a vo id  th e  in tr o d u c itc n  o f  sp u r io u s lo a d in g  e f f e c t s  
during th e  s t r e s s  fr e e z in g  c y c le ,  arrangem ents were made t o  immerse th e  
w hole model and lo a d in g  d e v ic e  in  o i l  h av in g  th e  same s p e c i f i c  g r a v ity  as  
A r a ld ite  CT200. -•
. The s t r e s s  d is t r ib u t io n  due t o  combined bend ing and a x ia l  lo a d  i s  
no lo n g e r  axisym m etric and i t  was n e c e ssa r y  t o  sep a ra te  th e  in d iv id u a l  
s t r e s s  components a t  th e  c r i t i c a l  s e c t io n s . T h is req u ired  th e  m anufacture  
and t e s t i n g  o f  e s s e n t i a l l y  two bend ing m odels from w hich lo n g itu d in a l  and 
tr a n sv e r se  s l i c e s  w ere c u t a t  th e  p r e c i s e  p o s i t i o n  o f  l o a d  a p p l i c a t i o n .
I f  th e  r a t i o  o f .  p r e - t e n s i o n  t o  b e n d in g  l o a d  i s  t o  b e  t h e  sam e  
f o r  p ro to ty p e  and m odel, th e n , '

WB = 0 .4  KN m
WBp = 7000 KN
Pp -  100 x 3 = 300 KN (fo r  a p e s s im is t ic  shock fa c to r  a t  b a r  e n tr y ,
SF = 3)
Frcm w hich , P^ = x 300 = 0 .0 1 7  KN
The r e s u lta n t  R esid u a l s tr e s s /B e n d in g  s t r e s s  r a t io  fo r  th e  m odel 
arbor i s  e s t im a te d  t o  be 3 .5 :1 .  I h is  compares w ith  an e q u iv a le n t  r a t io  
o f  1 1 .5 :1 ,  fo r  th e  -210 mm p ro to ty p e  arbor d isc u sse d  in  Chapter 2 .  Ih e  
m odel lo a d in g  c o n d it io n s  a r e , th e r e fo r e , fa r  more se v e r e  than th o se  norm ally  
encountered  in  p r a c t ic e .
Apart from ensuring , a  p e s s im is t ic  d es ig n  a p p r a is a l,  t h i s  approach  
i s  a ls o  o f  a s s is ta n c e  t o  th e  p h o to e la s t ic  a n a ly s is .  E x agera tin g  th e  
b en d in g  s t r e s s  component se r v e s  t o  em phasise th e  r e la t iv e  r e s id u a l  lo a d  
and tr a n sv e r se  bend ing c o n tr ib u tio n s  t o  th e  observed  maximum s t r e s s .
F igure (25) shews th e  model assem bly a f t e r  s l i c i n g  fo r  a n a ly s is .
Ih e  t o t a l  a x ia l  load  r e ta in e d  in  th e  r o l l  assem bly was v e r i f i e d  
in  accordance w ith  th e  procedure d escr ib ed  fo r  th e  two p rev io u s  m odel 
t e s t s .  To a vo id  lo c a l  lo a d  d if fu s io n  e f f e c t s ,  due t o  component geom etry  
o r  load  c o n ta c t  c o n d it io n s , fr in g e  measurements were made through th e  
assem bly a lon g  a p o s it io n  corresponding t o  s le e v e  s e c t io n  S3 (F igure (23))  
and n o t  mid-way a lo n g  th e  arbor shank.
where
and
87
FIG. 25 ISOCHROMATIC FRINGE PATTERN OF ASSEMBLED MODEL
UNDER COMBINED RESIDUAL LOADING AND TRANSVERSE BENDING
P a g e  % 8
On th e  1 com pression1 s id e  o f  th e  assem bly, s le e v e  clam ping was found  
t o  have in c r e a se d  from 0 .1 3  KN t o  0 .1 6  KN, w h i ls t  th e  arbor te n s io n  had 
d ecreased  from 0 .1 4  KN t o  0 .1 1  KN. An e q u iv a le n t  v a r ia t io n  in  d is t r ib u t io n  
o f  a x ia l  lo a d  was a ls o  observed  on th e  ’ ten sion *  s id e  o f  th e  r o l l .
These r e s u l t s  are w ith in  10% o f  a  t h e o r e t i c a l  p r e d ic t io n  which  
assumes a  l in e a r  d is t r ib u t io n  o f  bend ing s t r e s s .  T his w ould  ten d  t o  su g g e s t  
t h a t ,  under th e  a c t io n  o f  tr a n sv e r se  b en d in g , a  com posite r o l l  assem bly  
can be t r e a te d  as a  s im p le  m o n o lith ic  beam.
3 .3 .2  I s o c l in i c s  and S tr e s s  T r a je c to r ie s
The s t r e s s  t r a j e c t o r ie s  shewn in  F igure (26b) were ob ta in ed  d ir e c t ly  , 
from th e  I s o c l in i c s  (a) in  th e  manner p r e v io u s ly  d esc r ib e d .
When compared w ith  th e  s t r e s s  t r a j e c t o r ie s  f o r  th e  r e s id u a lly  
loaded  model, F igure (2 1 b ), i t  i s  apparent t h a t ,  f o r  t h i s  p a r t ic u la r  
arrangem ent, superim posing tr a n sv e r se  b en d in g  h as l i t t l e  e f f e c t  on th e  r o l l ’s  
o v e r a l l  deform ation b eh av iou r. This o b serv a tio n  i s  c o n s is t e n t  w ith  th e  
above r e s u l t s  from t o t a l  load  measurement. There i s  n o  ev id e n c e  o f  
a p p rec ia b le  tr a n sv e r se  sh ea r  a cro ss  th e  arbor shank a lthough  th e  e f f e c t  o f  
d ir e c t  c o n ta c t lo a d in g  cn th e  c e n tr a l s le e v e  S2 i s  c l e a r ly  in d ic a te d .
The i s o c l i n i c s  and s t r e s s  t r a j e c t o r ie s  cn th e  a sse m b lie s  ’ t e n s io n 1 
s id e  in d ic a te  l im ite d  a x ia l  s le e v e  s e p a r a t io n , b u t o n ly  in  th e  v i c i n i t y  
a d ja cen t t o  th e  annular groove.
(ds~ 3s) ( a i - t k )
Fig?Ha) Isoclinics for assembled. 
loadir
(<3s+ Sis)(ds + 3s
a
 p, Stress trajectory of algebraically greater principal stress—  ^ « " •< " smaller •>
Page. 90
(<5s - 3  s)
Fig2J>(b) Stress trajectories for 
residual loai
3 .3 .3  S tr e s s  C oncen tration s i n  Arbor
Ih e  isochrom atLc fr in g e- p a tte r n  i l l u s t r a t e d  in  F igure (25) shews 
th a t  t h e i lo c a t io n  o f  c r i t i c a l  s e c t io n s ,  rnder corb in ed  lo a d in g  c o n d it io n s , 
rem ains e s s e n t i a l l y  unchanged ..from th o se  observed  in-the r e s id u a l  lo a d  
m odel.
A p relim in a ry  a n a ly s is  o f  th e  fr in g e  measurements inade a t  c r i t i c a l  
lo c a t io n s  in  th e  arbor was based  cn a  s im ila r  procedure t o  th a t  adopted  
fo r  th e  r e s id u a l lo a d  t e s t .  I t  was assumed th a t  th e  maximum f i l l e t  s t r e s s  
^Amax a t  any p a r t ic u la r - lo c a t io n  c o u ld  be adequately  d e sc r ib e d  i n  term s  
o f  th e  nom inal s t r e s s  in  t h e . arbor d ie  t o  th e  co n b in a ticn  o f  r e s id u a l  
lo a d in g  and tr a n sv e r se  bend ing. In  w hich c a s e , th e  maximum f i l l e t  s t r e s s  
i s  g iven  by: •
x ^  1 5AnomxKb ■ ...................  (29)
where a * Ancm -  Nominal r e s id u a l te n s io n  in  arbor 
;: 4 WR
■n (b 2- a ? : i.)
dAnom = N=irdnal bending s t r e s s  in  axbor 
-  ± M. y .  64 .
-  a 1*)
Kr = SCF a s so c ia te d  w ith  r e s id u a l  lo a d in g  (measured in  p r e v io u s  
t e s t )  . . ; ■ . / ■
and = SCF a s s o c ia te d  w ith  tr a n sv e r se  bending.
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However, t h i s  approach proved u n sa t is fa c to r y  s in c e  i t  was n o t  p o s s ib le  
t o  e s t a b l i s h  a c o n s is t e n t  c o r r e la t io n  betw een th e  m easured v a lu e s  o f  maximum 
f i l l e t  s t r e s s  and th e  SCF a s so c ia te d  w ith  tr a n sv e r se  b en d in g .
I t  was a p p rec ia ted  th a t  an in c o n s is te n c y  o f  t h i s  n atu re w ould ten d  
t o  su g g e s t  n a n - ir m o lith ic  b eh aviou r o f  th e  model r o l l  a s se n b ly . T h is was 
co n sid ered  most iirprdbable in  th e  l i g h t  o f  r e s u l t s  o b ta in e d  from th e  t o t a l  
lo a d  checks and I s o c l in ic /S t r e s s  t r a je c to r y  p a tte r n s  w hich in d ic a te d  sim p le  
beam b eh aviou r.
A more d e t a i le d  exam ination  o f  th e  is o c h r a n a t ic  fr in g e  p a tte r n s  from  
th e  r e s id u a l lo a d  and tr a n sv e r se  bending m odels su g g e s te d  th a t  c r i t i c a l  f i l l e t  
s t r e s s e s  in  th e  arbor cou ld  b e b e t t e r  ex p ressed  in  term s o f  l o c a l i s e d  lo a d  ' 
d if fu s io n  between th e  m ating components, r a th e r  than  g eom etric  SCF’s  
s p e c i f i c a l l y  r e la t e d  t o  r e s id u a l te n s io n  and o v e r a l l  b en d in g . I t  was argued , 
f o r  ex a itp le , th a t  th e  maximum s t r e s s  a t  th e  arbor sh o u ld er  f i l l e t  (S e c t io n  1) 
i s  dependent p a r t ly  upon th e  mean a x ia l  s t r e s s  in  th e  arbor and p a r t ly  
upon th e  lo c a l  bending e f f e c t  due t o  lo a d  tr a n sm itte d  through th e  s le e v e s  
in t o  th e  sh o u ld er . I t  fo llo w s  th a t  th e  maximum s t r e s s  a t  a  g iv e n  lo c a t io n  
must be ex p ressed  in  term s o f  th e  ap p rop ria te  nom inal s t r e s s e s  in  b o th  th e  
arbor and th e  s l e e v e s ,  s o  th a t
amax = K1 x a l ~ K2 x ° 2  . . . . . . . . . .  (30)
v ilcre  < W  = s t r e s s
a i = Nominal arbor s t r e s s
02  ~  Nominal s le e v e  s t r e s s  
and K1 & K2 -  SCF's w h ich , r e s p e c t iv e ly ,  ex p ress  th e  e f f e c t  o f  p a s s in g  lo a d
in  th e  arbor and lo c a l  bending e f f e c t  o f  s le e v e s  a c t in g  cn  th e
arbor sh o u ld er .
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The g en era l ex p ress io n  fo r  amax in  eq u ation  (30) im p lie s  th a t  i t  
i s  e q u a lly  a p p lic a b le  t o  th e  r e s id u a l lo a d in g  and cantoned  lo a d in g  c a s e s .  
I t  i s ,  th e r e fo r e , assumed th a t  SCF v a lu e  Ki and K2 are independent o f  
t h e ir  r e s p e c t iv e  nom inal s t r e s s e s .
In  accordance w ith  eq u ation  (3 0 ) , f o r  r e s id u a l lo a d in g , th e  maximum 
arbor s t r e s s  can new be w r it te n :
a 'A _ _  = Kl x a*A - K 2  x a ' s  max ncm nom (31)
S im ila r ly , fo r  th e  r o l l  under conbined r e s id u a l lo a d in g  and tr a n sv e r se  
ben d in g , th e  maximum arbor s t r e s s  i s  g iv en  b y ,
crA = Kl (o ’A ± 6A ) -  I<2 (a fs  ± as ) max v ncm nom7 v nom ncm7 (32)
From w hich , fo r  th e  'te n s io n ' s id e  o f  th e  a s se n b ly ,
a At = Kl (cr'A + aA ) + K2 (a 's  - a s  )max nom nom nom nom7
o r aAtmax
a* A. = Klnan
a A
1 + noma'Anom
+ K2
a's. asnom nan
a'A a' Anom ncm
In  term s o f  th e  r o l l  a ssem b ly 's  geom etry,
aA*inax _  (- , 8.M(b2 -  :a2 )b
a* A = Klncm
1 +
WR. ( c ^  -  a1*)
+ K2 f (b2 ~ a2 )]
(ce 2 -  b 2)
-  8»M(b2 -  a2 )cfe
WR (ce “ -  a 1*)
(33)
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S im ila r ly , fo r  th e  ' com pression1 s id e  o f  th e  a s se n b ly ,
ctAcmax
a ‘A. = Klnom
8.M(b2 - a2)b
WR ( c h e -  a 4)
4
+ K2
,21
l U 2 " b 2
8.M(b2 -  a2 )c e  
WR (c k -  a 1*)
(34)
The SCF’s  K l and K2 can be o b ta in ed  fo r  any arbor lo c a tio n  by  
s u b s t i t u t in g  measured v a lu e s  o f  f ^ cwso/°  ' W H » ®  (2 7 ) '
in  eq u a tio n s, (33 and 34) and s o lv in g  s im u lta n eo u s ly . T able 5 in c lu d e s  
v a lu e s  o f  Kl and K2 fo r  arbor S e c t io n s  1 and 3 to g e th e r  w ith  a  com parison  
o f  t h e i r  r e s p e c t iv e  maximum s t r e s s e s  in  th e  r e s id u a l lo a d  m odel, d er iv ed
model
rc A 1max
a ’A
I nom✓
a 1 A.nom
and measured d ir e c t ly  from th e
TABLE 5 -  SCF’s  Due t o  P a ss in g  Load and L oca l B ending
Arbor
S e c tio n
^Atmax 
°  Anoni
5acw
0 Anom
Kl K2 a * ATh 
°  Ancm
°  Amax 
°  Anom
1 4 .7 7 4 .4 4 2 .6 7 1 .4 8 4 .6 2 4 .6 0
3 2 .9 7 2 .7 9 2 .4 2 0 .3 5 2 .8 2 2 .6
S im ila r  measurements were made a t  arbor S e c t io n s  5 and 6 , b u t  th e  
r e s u l t s  were r a th e r  in c o n c lu s iv e  due t o  th e  sm a ll b en d in g  moment a s s o c ia te d  
w ith  th e s e  lo c a t io n s .  Hie e r r o r  betw een d er iv ed  and m easured v a lu e s  o f  
s t r e s s  co n cen tra tio n  fo r  th e  r e s id u a l lo a d  model a t  S e c t io n  1 i s  n e g l i g i b l e ,  
w h i ls t  th a t  a t  S e c t io n  3 i s  about 8%.
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I t  i s  apparent from th e  r e s u l t s  ta b u la te d  in  F ig u re  (27) th a t  th e
SCF f o r  any arbor lo c a t io n  i s  n o t  l in e a r ly  d is t r ib u te d  about th e  a x is  o f  
b en d in g , as was i n i t i a l l y  a n t ic ip a te d  in  eq u ation  (29)... i h i s  a l s o  s e r v e s  
t o  con firm  th e  im portant in f lu e n c e  o f  l o c a l  bending e f f e c t s ,  r a th e r  than  
o v e r a l l  bend ing moment, on th e  m agnitude o f  c r i t i c a l  f i l l e t  s t r e s s e s  in  
th e  arbor.
3 .3 .4  S tr e s s  C oncentrations in  S le e v e s
In  t h e -r e s id u a l  lo a d  t e s t  i t  was su g g ested  t h a t  th e  maximum s le e v e  
s t r e s s  co u ld  be c o n v e n i e n t l y  e x p r e s s e d  i n  t e r m s  o f  a  n o m in a l  s t r e s s  
a n d .a  g e o m e t r i c  S C I  s o  t h a t :
where cr*s„„  = Nominal co n p ress iv e  s t r e s s  in  s le e v e s
WR. 4
7r(ce 2 -  b 2)
and KR = SCF a s so c ia te d  w ith  th e  geometry and lo c a t io n  o f  ea ch  s le e v e
under r e s id u a l load in g ,
I f ,  under conbined lo a d in g  c o n d it io n s , th e  tr a n s v e r se  b e n d ir ----------
tr ib u t io n  i s  t r e a te d  in  a s im ila r  manner t o ,  th a t  i n i t i a l l y  a d o p t e d  i n  t h e .  
 arbor a n a ly s is ,  then  th e  maximum s le e v e  s t r e s s  asrnax,  may b e  w r it t e n  a s:
as,max a 'sncm x KR ± as.ncm x KB (35)
where as _  = Nominal bending stress in sleeves due to Pnom
= ± ' 32 > M. Qa
it (c ^  -  a**)
and KB = SCF a s so c ia te d  w ith  th e  georretry and lo c a t io n  o f  each  s le e v e
under tr a n sv e r se  bending.
I t  fo llo w s  t h a t ,  th e  maximum s le e v e  s t r e s s  cn  th e  1 ten sion *  s id e  o f  
th e  a sse n b ly  5 s t ^  i s  g iv en  by:
DStmax = ° ' snom * + osncm x m     (35)
S im ila r ly , fo r  th e  'com pression* s id e ,
ascmax . . a ,.snom * m  ~ asnan  x ¥B     (37)
The maximum s le e v e  s t r e s s e s ,  a s t ^ ^  and are o b ta in ed  d ir e c t ly
from fr in g e  measurements in  th e  model s le e v e s .  F igu re  (27 ) .  The nom inal 
s le e v e  s t r e s s e s ,  a 'snom and 0 *sn , are c o n v e n ie n tly  c a lc u la te d  from  sirrp le  
th eo ry .
T h erefore, KR and KB can b e determ ined f o r  ea ch  s le e v e  from th e  
sim u ltan eou s s o lu t io n  o f  eq u a tio n s (36 and 3 7 ) .  The r e s u l t s  s o  o b ta in ed  
assume s im p le  beam beh av iou r o f  th e  r o l l  a sse n b ly . T h is  can be v e r i f i e d  
by comparing th e  d er iv e d  v a lu es  o f  KR w ith  th o se  m easured d ir e c t ly  in  th e  
r e s id u a l  load  t e s t .
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R eferr in g  t o  F igure (27 ) ,  i t  i s  apparant t h a t  c n ly  s le e v e  S3 i s  
u n a ffe c te d  by sone lo c a l i s e d  perturbation in  th e  load ed  a s se n b ly . S leev e .
S1 i s  a f fe c te d  by l o c a l  load  d if fu s io n  in  th e  arbor sh o u ld er  v i c i n i t y ,  w h i ls t  
th e  1 com pression1 s id e  o f  s le e v e  S2 i s  e f f e c t e d  by d ir e c te d  c o n ta c t  w ith  
th e  lo a d in g  rod.
S le e v e  S 3 :
From th e  s u b s t itu t io n  o f  measured f i l l e t  s t r e s s e s ,  (a s t_ _ „  andIImX
a sc  _ )  and c a lc u la te d  nom inal s t r e s s e s ,  (a 1 s„^rrv and gs_ ) in  e q u a tio n s  max nan  nom
(36 and 3 7 ) ,  KR and KB were found t o  be 1 .35  and 2 . 3  r e s p e c t iv e ly .  The 
r e s u l t  f o r  KR i s  some 10% l e s s  than  t h a t  ob ta in ed  d ir e c t ly  from th e  
r e s id u a l load  t e s t .  T his i s  co n sid ered  an a ccep ta b le  e r r o r  f o r  f r in g e  
measurement and d a ta  m anipu lation  o f  th e  a n a ly s is  p rocedure.
However, f o r  d es ig n  p u rp oses, th e  d ir e c t ly  measured v a lu e  o f  
KR = 1 .5  i s  co n sid ered  more ap p rop ria te .
I t  fo llo w s  t h a t ,  th e  maximum f i l l e t  s t r e s s  in  th e  s le e v e  groove  
i s  g iv en  by:
as = 1 .5  * a ' s  ± 2 .3  * a s  . . . . . . . . . .  (38)max ncm nom %
The c o n s ta n ts , KR = 1 .5  and KB = 2 . 3 ,  are v a l id  fo r  a l l  s im i la r  
s le e v e s  w hich are n o t  a f f e c te d  by d ir e c t  c o n ta c t  lo a d in g  o r  l o c a l  lo a d  
d if f u s io n .  T his a s s e r t io n  was v e r i f i e d  by s u b s t i t u t in g  f o r  KR =  1 .5  and 
KB = 2 .3  in  an e q u iv a le n t  e x p r e ss io n  fo r  maximum s le e v e  s t r e s s  cm t h e
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'te n s io n ' s id e  o f  s le e v e  S2 . (Apart from s le e v e  S3, t h i s  i s  th e  o n ly  s le e v e  
groove lo c a t io n  n o t  a f f e c te d  by a d d it io n a l lo c a l i s e d  lo a d in g ) . The 
r e s u lta n t  v a lu e  fo r  maximum s le e v e  s t r e s s  was found t o  be w ith in  8% o f  th e  
d ir e c t ly  measured v a lu e  in c lu d ed  in  F igure (27) .
S le e v e  S 2:
H ie maximum s le e v e  s t r e s s  cn th e  'ten sio n *  s id e  o f  th e  a sse n b ly  i s  
g iv en  by eq u ation  (38) .
However, fo r  th e  'com pression* s id e  o f  s le e v e  S2 th e  measured  
f i l l e t  s t r e s s  a t  th e  groove r o o t  (assumed p o s it io n  o f  r o l l in g  lo a d  a p p lic a t io n )  
was found t o  be about 90% l e s s  than th a t  g iven  by eq u a tio n  (38) .  F urther  
exam ination  o f  th e  c o n ta c t  c o n d itio n s  in  t h i s  v i c i n i t y  r e v e a le d  th e  
a c tu a l lo c a t io n  o f  lo a d  a p p lic a t io n  t o  b e cn e i t h e r  s id e  o f  th e  groove , 
as shown by th e  co n cen tra tio n  o f  iso ch ro m a tic  f r in g e s  in  F igure (25 ) .  T h is  
can b e a t tr ib u te d  t o  la t e r a l  deform ation o f  th e  lo a d in g  rod , w hich  
e f f e c t i v e l y  superim posed a n 'a d d it io n a l a x ia l  t e n s i l e  s t r e s s  cn th e  s l e e v e .
F or th e  purposes o f  a n a ly s is ,  i t  i s  assumed th a t  th e  above t e n s i l e  
s t r e s s  i s  dependent cn th e  magnitude o f  r o l l in g  lo a d  (P) and s le e v e  
geom etry, ra th er  than th e  o v e r a l l  bend ing moment o r  r e s id u a l clam ping lo a d .
I t  seems rea so n a b le , th e r e fo r e , t o  ex p ress  th e  r o l l i n g  lo a d  con­
tr ib u t io n  aR „ to  t o t a l  s le e v e  s t r e s s  in  th e  fo llo w in g  manner: max . 3
aR ~~ alp ~ Y  ^P . . . . . . . . . .  (39max nom c
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where aR = Nominal, transverse compressive stress on sleeve due to Pnom ^
W(ce  -  b)
and Kp = SCF a s so c ia te d  w ith  th e  l a t e r a l  deform ation  o f  th e  lo a d in g
b ar a c t in g  cn th e  s le e v e
By s u b s t i t u t in g  fo r  measured d ir e c t ly  from th e  m odel, and
aR. , Kp was found t o  be about 3 . 1 .  nom' *
I t  fo llo w s  t h a t ,  th e  maximum f i l l e t  s t r e s s  cn th e  'com pression ' 
s id e  o f  s le e v e  S2 i s  g iven  by:
5soi.bx  = 1 -5 x ° ' W ~  2 ' 3 x osncm " 3 a  x aIW    —  (40)
S le e v e  S I :
U sin g  th e  procedure d escr ib ed  fo r  s le e v e  S3 , KR and KB w ere found  
t o  b e 1 .65  and 2 . 5  r e s p e c t iv e ly .  The in c r e a se d  maximum f i l l e t  s t r e s s  
a s s o c ia te d  w ith  t h i s  p a r t ic u la r  s le e v e  i s  again  a t tr ib u te d  t o  th e  l o c a l  
lo a d  d if fu s io n  a t  th e  s le e v e  arbor in te r fa c e  (se e  comments in  S e c t io n  3 . 2 . 4 ) .
The above r e s u l t  fo r  KR i s  some 11% l e s s  than  th a t  o b ta in ed  from  
d ir e c t  measurement in  th e  r e s id u a l lo a d  m odel, a lthough  th e  l a t t e r  v a lu e  
(KR = 1 . 8 )  i s  co n sid ered  th e  more ap p rop riate fo r  d e s ig n  p u rp oses.
I t  fo llo w s  t h a t ,  fo r  s le e v e s  ad ja cen t t o  th e  arbor sh o u ld e r , th e  
maximum f i l l e t  s t r e s s  in  th e  s le e v e  groove i s  g iven  by:
as__„ = 1 .8  x a 1 s  ± 2 . 5  x as___ . . . . . . . . . .  (41)max ncm nom
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3 .2 .5  S tr e s s  D is tr ib u t io n s
F igure (28) shows th e  d is t r ib u t io n  o f  p r in c ip a l  s t r e s s e s  gzz, 
and a rr  an th e  1 compression* s id e  o f  th e  a ssen b led  r o l l  under combined 
r e s id u a l  lo a d in g  and tr a n sv e r se  bend ing. M l  s t r e s s e s  are e x p ressed  as  
m u lt ip le s  o f  th e  nom inal r e s id u a l s t r e s s  in  e i t h e r  th e  s le e v e  o r  arbor.
T his approach a llo w s d ir e c t  com parison w ith  th e  p r e v io u s  model t e s t .
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The s t r e s s  d is t r ib u t io n s  fo r  th e  1 ten sion *  s id e  o f  th e  arbor and 
s le e v e s  SI and S2 are n o t  in c lu d ed  s in c e  th e y  are n o t  s ig n i f i c a n t l y  
d if f e r e n t  from -{hose shewn in  F igure (23) fo r  th e  r e s id u a l  lo a d in g  c a s e .
As w ith  th e  p rev io u s m odel, th e  hoop and r a d ia l  s t r e s s e s  are  n e v e r  . 
c r i t i c a l ,  and aga in  la r g e ly  r e f l e c t  th e  r a te  o f  change o f  a x ia l  s t r e s s .
Trie e f f e c t  o f  superim posing th e  com pressive s t r e s s  component o f  
tr a n sv e r se  bending cn th e  te n s io n e d  arbor i s  most apparent a t  S e c t io n  1 , 
where th e  c r i t i c a l  s t r e s s  i s  reduced by about 25%.
L a te r a l deform ation  o f  th e  lo a d in g  b a r  ca u ses  a  s ig n i f i c a n t  r e ­
d is t r ib u t io n  o f  s t r e s s  in  th e  c e n tr a l s le e v e ,  S 2 . The d is t r ib u t io n  o f  a x ia l  
s t r e s s  reach es a  maximum (about 1 .8  x tf*snQm) j u s t  b e low  th e  groove r o o t ,  
and th en  r a p id ly  reduces t o  alm ost zero  s t r e s s  a t  t h e  r o o t .  The d is t r ib u t io n  
o f  hocp s t r e s s  i s  s im ila r ,  b u t fo r  t h i s  p a r t ic u la r  c a s e ,  i s  more c r i t i c a l  
than th e  a x ia l  s t r e s s ,  rea ch in g  a  peak v a lu e  o f  about 2 .7  tf'snGir* T h is  
c o n d it io n  o f  in t e r n a l  s t r e s s  i s  n o t  apparent in  th e  ta b u la t io n  o f  SCF’s  
shown in  F igure (2 7 ).
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0— 0 Axial stress, d?z
* K Hoop stress, d$4>
*  *  Radial stress, drr
+ve •Tensile stress 
-ye -Compress/Ve stress
Theoretical bending stress in sleeve s s , fts 
o o " " " " arbor, 2 , iS/j
rr
Ffg.2B Stress distributions in assembled roll under combined residual 
loading and transverse bending — Compression side onlu
P a ^ e .1 0 2
The in c r e a se  in  r a d ia l  s t r e s s  a t  th e  s le e v e /a r b o r  in te r fa c e  a t  
S e c tio n  2 ,  a ls o  in d ic a te s  d ir e c t  lo a d  tra n sfe r e n c e  from th e  c e n tr a l  
s le e v e  t o  th e  arbor s e c t io n  d ir e c t ly  beneath  i t .  T his r e s u l t  i s  con­
s i s t e n t  w ith  th e  I s o c l in ic s  and s t r e s s  t r a j e c t o r ie s  shown in  F igure (2 6 ) .
A lso  in c lu d ed  in  F igure (28) i s  th e  d is tr u b t ic n  o f  t h e o r e t ic a l  
bend ing s t r e s s  a t  th e  p o s it io n  o f  maximum bending moment J-gj f o r  th e  
s le e v e  and arbor, as and a A r e s p e c t iv e ly .  A corrparisan o f  th e s e  r e s u l t s  
shews t h a t ,  w h i ls t  th e  o v e r a l l  b eh aviou r o f  a  corrposite r o l l  i s  analogous  
t o  a  s iir p le  e l a s t i c  beam, in d iv id u a l s t r e s s  d is t r ib u t io n s  and maximum s t r e s s  
v a lu es  are la r g e ly  dependent cn lo c a l  c o n ta c t  and lo a d  d i f f u s io n  e f f e c t s .  
I h is  i s  p a r t ic u la r ly  apparent fo r  th e  c e n tr a l s l e e v e ,  where th e  t h e o r e t i c a l  
d is t r ib u t io n  o f  bend ing s t r e s s  s e r io u s ly  m isrep resen ts  th e  a c tu a l s t r e s s  
c o n d it io n s . S im ila r  com parisons a t  lo c a t io n s  n e a r e r  t o  th e  r o l l  su p p o rts  
were found t o  be in c o n c lu s iv e  due t o  th e  very  sm a ll c o n tr ib u t io n  o f  b en d in g  
s t r e s s  t o  t o t a l  a x ia l  s t r e s s .
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C H A P T E R  4
DISCUSSION
The f i r s t  p a r t  o f  t h is  Chapter (S ec tio n  4 .1 )  co n ta in s  a g en era l  
d is c u s s io n  o f  th e  r e s u l t s  from th e  p h o to e la s t ic  t e s t s ,  and t h e ir  
i ir p lic a t io n s  to  th e  d e s ig n  o f  p ro to ty p e  com posite r o l l s  and a u x il ia r y  
ap p aratu s.
In  S e c tio n  4 .2 ,  th e  s im p le  a n a ly t ic a l  model o f  an id e a l i s e d  com posite  
r o l l  i s  d is c u s se d  in  r e la t io n  t o  r e s u l t s  frcrn th e  p h o t e la s t ic  t e s t s .
The model accuracy and l im ita t io n s  are d e sc r ib e d , w ith  recommendations 
fo r  fu r th e r  exp erim en ta l v e r i f i c a t io n  cn a f u l l  s i z e  p r o to ty p e .
In  S e c tio n  4 .3 ,  r e s u l t s  from a f in ite -e lem er ren t id e a l i s a t io n  o f  a  
p r e -te n s io n e d  arbor a re  compared w ith  th o se  ob ta in ed  frcm th e  correspond­
in g  p h o to e la s t ic  t e s t .  The r e la t iv e  m er its  o f  th e  two methods are  a l s o  
b r i e f l y  d is c u s se d .
C r i t ic a l  s t r e s s e s  are p a r t ic u la r ly  s ig n i f i c a n t  i n  th e  proposed  
com posite r o l l  d e s ig n  and have th e r e fo r e  b een  removed from th e  g e n e r a l  
d is c u s s io n  on p h o t o e la s t ic  t e s t s .  M oreover, some a sp e c ts  o f  th e  a n a ly s is  
a s so c ia te d  w ith  s t r e s s  co n cen tra tio n  fa c to r s  are shown t o  have a  more 
g e n e r a lis e d  a p p lic a t io n  in  th e  p r e se n ta t io n  o f  f i l l e t  d e s ig n  d a ta .
F in a l ly ,  in  S e c t io n  4 .5 ,  th e  r e la t io n s h ip  betw een p r e se n t  e x p er im en ta l 
work t o  th e  e s ta b lish m e n t o f  an ap p rop ria te  d es ig n  procedure i s  d is c u s s e d .
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The a c tu a l d es ig n  procedure i s  complex and i s  th e r e fo r e  g iv en  in  Appendix 4 
(page 146) . For ccm p le tn e ss , an example i s  g iv en  w hich r e la t e s  t o  th e  
Lackenby ccxrposite r o l l  p ro to ty p e . The d es ig n  o f  t h i s  p ro to ty p e  i s  n o t  
d is c u s se d  in  any d e t a i l .
4 .1  P h o to e la s t ic  Models
The p h o to e la s t ic  t e s t s  were d esign ed  t o  a s s e s s  th e  o v e r a l l  v a l i d i t y
i
o f  th e  sim p le  a n a ly t ic a l  mod£l and t o  p rov id e  g e n e r a l q u a n ta tiv e  in fo rm a tio n  
regard in g  c r i t i c a l  s t r e s s e s  in  th e  r o l l  arbor and s le e v e s .
I t  was a p p rec ia ted  th a t  c r i t i c a l  s t r e s s e s  in  th e  r o l l  assem bly  
would b e , t o  a  la r g e  e x t e n t ,  dependent on th e  r e la t iv e  f i t  betw een th e  
m ating components. M oreover, th e  p h o to e la s t ic  t e s t s  w ere req u ired  t o  
g iv e n  an id e a l  s o lu t io n  fo r  ccm pariscn w ith  th e  s im p le  a n a ly t ic a l  m odel.
I t  was th e r e fo r e  n e cessa ry  t o  en su re th a t  th e  m odels w ere m anufactured  
t o  a t  l e a s t  th e  same ord er  o f  accuracy and com p lex ity  a s  in  th e  p r o to ty p e .
Subsequent a n a ly s is  o f  th e  model assem bly, has dem onstrated  t h a t ,  
in  term s o f  th e  symmetry o f  fr in g e  p a tte r n s  and r e s id u a l  load  d is t r ib u t io n ,  
t h is -h a s  been a ch iev ed .
F i r s t  m odel t e s t ; -  Arbor p r e -te n s io n in g
Arbor: The sim p le  a n a ly t ic a l  model has shewn th a t  th e  amount o f  arbor  
p r e -te n s io n  req u ired  t o  f a c i l i t a t e  s le e v e  a sse n b ly  i s  i n  th e  o rd er  o f  3 tim es  
th a t  req u ired  t o  d ev e lo p  s le e v e  clam ping (page 25) . T h ere fo re / t o  a v o id  
o v er lo a d in g , th e  arbor shank sh ou ld  deform un iform ly  a lc n g  i t s  le n g th .
Any lo c a l i s e d  r e s is ta n c e  t o  r a d ia l  c o n tr a c tio n  w i l l  n e c e s s i t a t e  a  p ro p o rtio n a te  
in c r e a se  in  arbor p r e - te n s io n  t o  f a c i l i t a t e  s le e v e  asserrfoly over  th a t  reg io n  
o f  th e  arb or. T h is i s  p a r t ic u la r ly  c r i t i c a l  in  a p r o to ty p e  w here, f o r  
exairp le, 1000 KN o f  arbor p r e - te n s io n  i s  req u ired  t o  o b ta in  0 .0 1  inn o f  
d ia m etra l c o n tr a c t io n  cn a 210 irm d iam eter shank.
Uniform  deform ation  o f  th e  arbor shank a ls o  im p lie s  eq u a l r a d ia l  
clam ping and optimum c o n c e n tr ic ity  fo r  th e  s le e v e s  when f i n a l l y  assem bled.
T his i s  co n sid ered  ex p ed ie n t in  a  p ro to ty p e  s in c e  any e x c e s s  r a d ia l  clam ping  
on one s le e v e  may r e s u l t  in  in s u f f i c i e n t  r a d ia l  clam ping on th e  a d ja c e n t  
s le e v e .  I t  i s  r e a l i s e d  th a t  th e  c o n d it io n  fo r  u n q u a lif ie d  e q u a l r a d ia l  
clam ping i s  dependent on th e  m aintenance o f  a  v ery  p r e c i s e  m achining to le r a n c e  
on th e  s le e v e  bore (exp ected  t o  b e  no g r e a te r  than ± 0 .0 0 6  mm).
( O Q )
P rev io u s exp erim en ta l work cn a s im p le  model arbor showed t h a t  
ap art from a  lo c a l i s e d  reg io n  (about 40% o f  shank le n g th ) mid-way a lo n g  th e  
arbor shank, th e  arbor deform ation  was ex trem ely  n cn -u n iform . More im p o rta n tly , 
r a d ia l  c o n tr a c t io n  in  th e  im m ediate v i c i n i t y  o f  th e  arb or sh o u ld er  was found  
t o  b e  n e g l i g ib le .
S im ila r  measurements o f  arbor deform ation  on th e  p h o t o e la s t ic  m odel 
r e v e a le d  th a t  r e s is ta n c e  t o  r a d ia l  c o n tr a c tio n  i s  c o n s id e r a b ly  reduced  by  
th e  in tr o d u c tio n  o f  an undercut f i l l e t  ra d iu s betw een  th e  shank and sh o u ld e r .  
Uniform r a d ia l  c o n tr a c t io n  was ob ta in ed  o v er  80% o f  th e  shank le n g th  and 
r e s is ta n c e  t o  c o n tr a c tio n  was R e s tr ic te d  t o  a  lo c a l i s e d  reg io n  n e x t  t o  th e  
sh o u ld er  w hich amounted t o  o n ly  10% o f  th e  shank le n g th .  Minimum c o n tr a c t io n  
was a lm ost 70% o f  th e  nom inal v a lu e  measured cn  th e  un iform  p a r t  o f  th e  
shank.
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I t  i s  apparent th a t  th e  minimum c o n tr a c tio n  in  shank d iam eter  
w ould n o t  became w orse w ith  in c r e a s in g  shank le n g th  and, a c c o r d in g ly , a  
uniform  c o n tr a c tio n  would b e cb ta in ed  a lon g  a  g r e a te r  p ro p o rtio n  o f  th e  
shank.
C o l l e t - s h e l l  'assem bly; As an a lt e r n a t iv e  t o  a o n e -p ie c e  threaded  o r  
b a y o n et-ty p e  co n n ectio n , i t  was d ecid ed  t o  examine a s p l i t  c o l l e t - s h e l l  
arrangem ent in  th e  p h o to e la s t ic  t e s t s .  (The c o l l e t - s h e l l  segm ents are  
supported  by r e ta in in g  s le e v e s  a t  each  end o f  th e  a sse n b ly  a s  shown in  
F igu re  ( 6 ) ,  page 36) . A p a r t ic u la r  advantage o f  t h i s  d e s ig n  i s  t h a t  a  
la r g e  range o f  sm a lle r  d iam eter arbors can b e  a ccom od ated  cn a  s in g le  
p r e - lo a d in g  r i g  by in tro d u c in g  sp a cer  s le e v e s  betw een th e  c o l l e t  and arbor  
sh o u ld er .
The p h o to e la s t ic  t e s t s  showed th a t  th e  t o t a l  a p p lie d  lo a d  WB was 
sh ared  e q u a lly  betw een th e  3 c o l l e t  segm ents. I t  was fu r th e r  dem onstrated  
t h a t  each  segm ent was su b jec ted  t o  a uniform  bending moment caused  b y  an 
e f f e c t i v e  o f f s e t  a t  i t s  extrem e en d s. In  a .s im p le  id e a l i s a t io n  th e  segm ents  
w ere tr e a te d  as  e q u iv a le n t  tw o-d im en sional beams, and com parisons w ith  
f r in g e  measurements made in  th e  model shewed th a t  t h i s  w ould b e  s u f f i c i e n t l y  
r e p r e se n ta t iv e  o f  th e  a c tu a l s tr u c tu r e  p ro v id in g  component d eform ation  d id  
n o t  become to o  la r g e .
The maximum s t r e s s  in  th e  c o l l e t - s h e l l  i s  about 3 x nom inal a x ia l  
t e n s io n , and occu rs in  th e  reduced s e c t io n  a t  e i t h e r  end  o f  th e  a s se n b ly .
R a d ia l expansion  o f  th e  c o l l e t - s h e l l  a t  i t s  e x tr e m it ie s  i s  shown t o  match 
th e  r a d ia l  exp an sion  o f  th e  r e ta in in g  s l e e v e s . Thus ,• th e  s le e v e  hocp  s t r e s s  
can b e ex p ressed  i n  term s o f  th e  t o t a l  a p p lied  lo a d , th e  e f f e c t i v e  e c c e n t r ic i t y
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o f  a p p lied  lo a d , th e  deform ation  o f  th e  c o l l e t - s h e l l  and th e  a sse m b lies  o v e r a l l  
geom etry. S le e v e  s t r e s s  i s  shown t o  b e  in  accordance w ith  th e  p r e d ic t io n s  
fo r  Lam£-type th ic k  c y l in d e r s ,  m od ified  w ith  a  s u i t a b le  s t r e s s  co n cen tra tio n  
fa c to r  t o  r e f l e c t  th e  non-uniform  p ressu r e  d is t r ib u t io n  around th e  circum ­
fere n c e  and a lon g  th e  le n g th  o f  each s le e v e .  The t o t a l  r a d ia l  fo r c e  S on each  
r e ta in in g  s le e v e  i s  shown t o  b e  no more than 10% o f  th e  t o t a l  a p p lie d  lo a d .
Second model t e s t : -  R esid u a l lo a d in g
The method o f  s le e v e  clam ping and, th e r e fo r e , th e  d is t r ib u t io n  o f  
r e s id u a l lo a d  throughout th e  r o l l 'a s s e n b ly ,  was d ir e c t ly  analogous t o  th a t  
employed in  a p r o to ty p e . Hcwever t o  f a c i l i t a t e  f r in g e  exam ination  and 
avo id  e r r o r s  a s s o c ia te d  w ith  th read  to le r a n c e  and d rm k en n es, th e  th read ed  
con n ectio n  betw een th e  r e ta in in g  n u t and arbor was rep la ced  w ith  a  cem ented  
j o i n t .  T h is procedure d id  n o t  appear t o  a l t e r  th e  r e l a t iv e  component 
s t i f f n e s s e s .
An o r ig in a l  p r e d ic t io n  o f  r e s id u a l lo a d  was found t o  b e  40% g r e a te r  
than th a t  measured in  th e  model assem bly. T h is t h e o r e t i c a l  d e r iv a t io n  
assumed th a t  th e  s le e v e s  cou ld  be tr e a te d  as p la in  c y l in d e r s .  Hcwever, f r in g e  
o b serv a tio n s  a t  th e  s le e v e  in t e r fa c e s  gave a c le a r  in d ic a t io n  t h a t  th e  p resen ce  
o f  an annular groove g iv e s  r i s e  t o  a  s u b s ta n t ia l  v a r ia t io n  in  a x ia l  clam ping  
p r e ssu r e . Thus, th e  a c tu a l s le e v e  s t i f f n e s s  i s  co n s id era b ly  l e s s  than  
th a t  assumed in  th e  sim p le  a n a ly t ic a l  m odel. -
The above r e s u l t  su g g e s ts  th a t  th e  e f f e c t i v e  e x te r n a l  d iam eter  o f  th e  
s le e v e  i s  no g r e a te r  than  th e  minimum groove d iam eter . I f  t h i s  v a lu e  i s  
s u b s t itu te d  in t o  th e  e x p r e ss io n  fo r  r e s id u a l lo a d  c a lc u la t io n  th e  t h e o r e t i c a l  
r e s u l t  i s  found t o  b e  w ith in  8% o f  th e  measured v a lu e .
The fr in g e  p a tte r n s  a ls o  in d ic a te d  th a t  th e  t r a n s fe r  o f  r e s id u a l  
lo a d  through th e  s le e v e s  was e n t ir e ly  due t o  a x ia l  and r a d ia l  p r e s su r e ,  
w ith  in s ig n i f i c a n t  sh ea r  s t r e s s  a t  th e  s le e v e /a r b o r  in t e r f a c e s .  T h is  
confirm s -the-assum ption  o f  n e g l ig ib le  f r i c t io n  e f f e c t s  made in  th e  a n a ly t ic a l  ,, 
m odel. Equal fr in g e  v a lu e s  a t  th e  bore o f  each  s le e v e  shews t h a t  uniform  
r a d ia l  clam ping was ob ta in ed  in  th e  model assem bly.
T hird m odel t e s t ; -  T ransverse bend ing o f  assem bled r o l l
The r o l l  assem bly was sim p ly-su pp orted  and su b je c te d  t o  tr a n sv e r se  
bending a t  m id-span. The bending lo a d  was a p p lie d  through an a r a ld i t e  rod  
lo c a te d  in  th e  c e n tr a l  s le e v e  groove. The p rop ortion  o f  b end ing lo a d  t o  
r e s id u a l  load  was about 3 x th a t  e s t im a te d  fo r  a p r o to ty p e . T h is was done 
to  en su re a  p e s s im is t ic  d es ig n  a p p r a isa l in  th e  m odel t e s t .  The o v er lo a d  
c o n d it io n s  a ls o  se rv ed  t o  em phasise th e  r e l a t iv e  bending and r e s id u a l  load  
c o n tr ib u tio n s  t o  th e  observed  maximum s t r e s s .  As an a d d it io n a l p r e c a u tio n ,  
th e  r o l l  assem bly was immersed in  o i l  during th e  s t r e s s  f r e e z in g  c y c l e ,  th u s  
a v o id in g  any sp u r iou s e f f e c t s  caused  by th e  m odel*s s e l f  w e ig h t .
Due t o  th e  asymmetry o f  lo a d in g , i t  was n e cessa ry  t o  t e s t  two 
id e n t ic a l ly  loaded  m od els, from which lo n g itu d in a l and hoop s l i c e s  c o u ld  
b e o b ta in ed  a t  th e  p r e c is e  p o s it io n  o f  bend ing load  a p p lic a t io n .
C on sid era tio n  o f  th e  s t r e s s  d is tr ib u t io n s  a t  s e le c t e d  lo c a t io n s  in  
th e  s le e v e s  and arbor confirm  th a t  th e  r o l l  assem bly behaved as a  m o n o lith ic  
beam, w ith  no v i s i b l e  s le e v e  se p a r a tio n . T h e o r e t ic a l c a lc u la t io n  o f  t o t a l  
lo a d  r e d is t r ib u t io n  b ased  on th e  e f f e c t i v e  s le e v e  d ia m eter , was w ith in  10% 
o f  th e  measured v a lu e s ,  again  confirm ing th a t  th e  sim p le  id e a l i s a t io n  i s  ‘ 
s a t i s f a c t o r y .
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F rin ge  o b serv a tio n s  cn th e  ' t e n s io n 1 s id e  o f  t h e  asserrfoly in d ic a te d  
th a t  v ery  l i t t l e  in t e r fa c e  p ressu r e  e x is t e d  betw een th e  s le e v e s .  T h is would  
ten d  t o  su g g e s t  th a t ,  in  th e  model t e s t s , th e  a p p lie d  lo a d in g  was c lo s e  
t o  i t s  l im it in g  v a lu e  fo r  m o n o lith ic  b eh av iou r. A ccord ing t o  s im p le  th eo ry , 
a 20% in c r e a s e  in  bending lo a d  w ould have r e s u lte d  i n  a x ia l  se p a r a tio n  o f  
th e  s l e e v e s .
4 .2  Scope o f  Sim ple A n a ly t ic a l  Model
The a n a ly t ic a l  model d e sc r ib e s  th e  b ehaviour o f  com posite r o l l s  in  
term s o f  s im p le  e l a s t i c  th eo ry  f o r  th e  purposes o f  e s t im a t in g  arb o r p re­
te n s io n  and s le e v e  clam ping req u irem en ts. The r o l l  arbor i s  t r e a te d  as  
a uniform  axL-sym m etric body, and th e  s le e v e s  as p la in  c y l in d e r s .  T h is  
approach f a c i l i t a t e s  th e  d e r iv a tio n  o f  a  s im p le  t h e o r e t i c a l  r e la t io n s h ip  
betw een p r e - te n s io n  and r e s id u a l lo a d in g  in  term s o f  arbor and s le e v e  
deform ation  c o m p a t ib il ity .  I t  a ls o  a llo w s th e  r o l l  assem bly t o  b e  t r e a te d  
as an e q u iv a le n t  homogeneous beam when co n s id e r in g  l im it in g  v a lu e s  o f  
r o l l in g  lo a d  fo r  m o n o lith ic  b eh av iou r.
P a r t ic u la r  a t t e n t io n  was p a id  t o  th e  in terd ep en d en ce  o f  s le e v e  and 
arbor deform ation  s in c e  i t  i s  t h i s  which d eterm ines th e  assem bly sequence  
and how th e  r e s id u a l  load  i s  f i n a l l y  d is t r ib u te d  i n  th e  form o f  a x i a l  and 
r a d ia l  clam ping. For exam ple, i t  i s  shown th a t  once th e  r e ta in in g  n u t  i s  
t ig h te n e d  a g a in s t  th e  assem bled s l e e v e s ,  th e  in te r f e r e n c e  c o n d it io n  betw een  
th e  s le e v e s  and arbor w i l l  remain v ir t u a l ly  unchanged during th e  d ev e lo p ­
ment o f  a x ia l  clam ping. Thus, i t  i s  n e c e ssa r y  t o  clamp th e  s le e v e s  r a d ia l ly  
p r io r  t o  a x ia l  clam ping. T his i s  an im portant fe a tu r e  o f  th e  p rop osed
110
com posite r o l l  arrangement s in c e  i t  shews th e  way in  w hich arbor deform ation  
can b e  a c c u r a te ly  c o n tr o lle d  t o  g iv e  any d e s ir e d  com bination o f  r a d ia l  and 
a x ia l  c ls irp in g .
Most com posite r o l l  a p p lic a t io n s  in v o lv e  th e  u se  o f  s le e v e  m a te r ia ls  
h av in g  a h ig h  e l a s t i c  modulus and a  lew  c o e f f i c i e n t  o f  therm al exp a n sio n . 
S le e v e s  o f  d i f f e r in g  geom etry and m a te r ia l p r o p e r t ie s  nay a ls o  b e  cortoined  
on th e  sane arbor. To accommodate t h i s  range o f  s le e v e  a sse m b lie s  i t  was 
con v en ien t t o  e x p ress  th e  o v e r a l l  e l a s t i c  modulus and therm al c o e f f i c i e n t  o f  
th e  s le e v e s  in  term s o f  th e  aggregate  e f f e c t  o f  in d iv id u a l  s le e v e s  and 
s le e v e  su p p o rts . ,
Model accu racy:
The m ost s ig n i f i c a n t  fa c to r  a s so c ia te d  w ith  m odel accuracy  i s  
r e la t e d  t o  th e  accommodation o f  m achining to le r a n c e s  f o r  th e  arbor shank  
and s le e v e  b o r e s . T h is i s  b ecau se th e  p rop ortion  o f  arbor d ia m etra l 
c o n tr a c t io n  t o  accommodate m achining to le r a n c e s  i s  norm ally  i n  th e  ord er  
o f  tw ic e  th a t  req u ired  t o  p rov id e  minimum s le e v e  clarrping. In  p r a c t ic e ,  
t h i s  can r e s u l t  in  a x ia l  s le e v e  c la n p in g  b e in g  up t o  60% g r e a te r  than  th e  
minimum req u ired  v a lu e  as g iv en  by th e  a n a ly t ic a l  m odel.
Model l im i t a t io n s :
The model does n o t  in c lu d e  a t r a n s ie n t  therm al a n a ly s is ,  n o r  i s  i t  
a p p lic a b le  t o  c a n t ile v e r e d  com posite r o l l s .
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By assum ing s t e a d y -s ta te  therm al c o n d itio n s  i t  i s  p o s s ib le  t o  e s t im a te ,  
and compensate f o r ,  p o t e n t ia l  lo s s e s  in  a x ia l  clacrping due t o  d i f f e r e n t i a  
exp an sion  betw een th e  s le e v e s  and a ib o r .
H o w ev er /w ith o u t exp erim en ta l d a ta  cn tem perature d is t r ib u t io n s ,  i t  
i s  n o t  p o s s ib le  t o  e v a lu a te  th e  changes in  r a d ia l  clam ping which w i l l  occu r  
a t  v a r io u s  s ta g e s  d u rin g  r o l l in g .  T h is may b e c r i t i c a l  fo r  extrem es o f  
tem perature d if f e r e n c e  w hich cou ld  r e s u l t  in  th e  developm ent o f  la r g e  
hoop s t r e s s e s  in  th e  s le e v e  b o r e s . -
To f a c i l i t a t e  a  r e a l i s t i c  t r a n s ie n t  therm al a n a ly s is  i t  i s  
recommended th a t  o n - l in e  measurement o f  tem perature d is t r ib u t io n  b e  made 
during th e  r o l l in g  t r i a l s  o f  a  p ro to ty p e  (se e  S e c t io n  4 .5 ,  page 119) .
The c a se  f o r  c a n t ile v e r e d  c o n p o s ite  r o l l s  i s  s u f f i c i e n t l y  d i f f e r e n t  
t o  w arrant a sep a ra te  in v e s t ig a t io n .
F in a l ly ,  th e  sim p le  a n a ly t ic a l  model ta k e s  no  accou n t o f  in t e r f a c e  
p ressu r e  d is  t r ib u t io n s  w hich have an im portant b ea r in g  on th e  a r b o r 's  
r e s is ta n c e  to  f r e t t i n g  fa t ig u e .  Nor does i t  c o n s id er  l im it in g  f a c t o r s  such  
as c r i t i c a l  s t r e s s  c o n cen tra tio n s  o r  lo a d  ccn ta c t /im p a c t  c o n d it io n s .
However, p h o to e la s t ic  t e s t s  have shown th a t  th e  model i s  s u f f i c i e n t l y  
accu ra te  fo r  th e  purposes o f  p r e d ic t in g  arbor p r e - te n s ic n  and s le e v e  clam ping  
requirem ents fo r  th e  c r i t e r i a  o f  m o n o lith ic  b eh av iou r . H ie e f f e c t  o f  s le e v e  
geom etry can b e accounted  fo r  by co n s id e r a tio n  o f  groove s i z e  and arbor  
d im en sion s. M oreover, th e  model i s  r e a d i ly  con verted  in t o  a  programmable 
form at, th u s making i t  a  s u it a b le  v e h ic le  fo r  th e  more com prehensive d e s ig n  
procedure d isc u sse d  in  S e c t io n  4 .5  (page 119)
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4 .3  F in ite -e le m e n t  I d e a l i s a t io n  o f  a  P re-tensionO d 'Arbor
During th e  i n i t i a l  s ta g e s  o f  t h i s  p r o je c t  th e  p o s s i b i l i t y  o f  u s in g  
f in ite -e le r n e n t  methods fo r  th e  o v e r a l l  a n a ly s is  o f  com posite r o l l s  was 
in v e s t ig a te d  . P re lim in ary  d is c u s s io n s  w ith  th e  program d e s ig n e r s  
re v e a le d  th a t  th e  f i n i t e - e  lem ent approach would n o t  b e  s u i t a b le  f o r  th e  
asym m etric lo a d in g  c a se  o f  a  r o l l  under tr a n sv e r se  b en d in g . T h is  was 
m ainly a t tr ib u te d  t o  th e  n e c e s s i t y  fo r  a th ree -d im e n sio n a l mesh d e s ig n  w hich  
i f  ad eq u ately  r e f in e d  a t  th e  m odel b ou n d aries, w ould r eq u ir e  t o o  many 
elem ents fo r  th e  a v a ila b le  co re  sp ace  (IBM 370/85  com puter). 1
The ca se  o f  ax i-sym m etric  r e s id u a l lo a d in g  was a tte m p te d / b u t  
f i n a l l y  abandoned, due t o  th e  u n cer ta in ty  a s s o c ia te d  w ith  model boundary  
id e a l i s a t io n  and p r e ssu r e ..,d is tr ib u tio n s  a t  th e  component in t e r f a c e s .
. However, i t  was d ec id ed  t o  a n a ly se  a p r e -te n s io n e d  arb or, p ro p o r tio n ­
a t e ly  s im i la r - t o  th a t  s tu d ie d  in  th e  p h o to e la s t ic  t e s t .  A com parison o f  
th e  two methods co u ld  show w hether i t  was p o s s ib le  t o  u se  th e  n u m erica l 
tech n iq u e fo r  th e  a n a ly s is  o f  fu tu r e  arbor d e s ig n s . O b v io u sly , t h i s  
w ould o n ly  b e n e c e ssa r y  i f  th e  proposed d e s ig n  was s i g n i f i c a n t l y  d i f f e r e n t  
from t h a t  a lread y  s tu d ie d  in  th e  p h o to e la s t ic  t e s t s . N e v e r th e le s s , a d voca tes  
o f  th e  f in ite -e le r n e n t  tech n iq u e s tr o n g ly  su g g este d  t h a t  a d e s ig n  a p p r a is a l  
co u ld  b e  conducted w ith  g r e a te r  sp eed  and economy .
The mesh d e s ig n , load  in p u t id e a l i s a t io n ,  and r e s u l t s  from t h e  f i n i t e -  
elernent a n a ly s is  are  g iv en  in  Appendix 3 (page 1 4 0 ) .
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F igu re  (8) (page 41) shows a  com parison o f  d ia m etra l c o n tr a c t io n  a long
th e  p r e -te n s io n e d  arbor shank. The maximum d if f e r e n c e  betw een th e  r e s u l t s
i s  a lm ost 20%, b u t average d e v ia t io n  from th e  nom inal c o n tr a c t io n , U i snom
about th e  same. The e rr o r  in  Uncm i s  approxim ately ± 5%.
F igu re (A4) (page 145) shews se p a r a te  s t r e s s  d is t r ib u t io n s  through  
th e  arbor shank and averaged v a lu e s  o f  ta n g e n t ia l  s t r e s s  c o n c e n tr a tio n  a t  
c r i t i c a l  lo c a t io n s  around th e  arbor b o u n d a ries . W ith th e  e x c e p tio n  o f  
S e c tio n  3 , arbor b ore  term in a tio n , th e r e  appears t o  b e  no s i g n i f i c a n t  
d if fe r e n c e  (3-10%) betw een th e s e  r e s u l t s  and th o se  shown in  F ig u res  (10 and 
11) (pages 44 and 46) - frcm th e  p h o t o e la s t ic  t e s t .  No s e n s ib le  com parison o f  
r e s u l t s  a t  th e  b ore term in ation  i s  . p o s s ib le  s in c e  th e  geom etry o f  f i l l e t  
ra d iu s i s  d i f f e r e n t  fo r  both  m odels. However, l a t e r  p h o t o e la s t ic  t e s t s  
w ith  arbors hav in g  comparable f i l l e t  d e s ig n s  to  th a t  in co rp o ra ted  i n  th e  
f in it e -e le r r e n t  m odel have g iv e n  s im ila r  r e s u l t s  fo r  c r i t i c a l  s t r e s s .
T h erefore , on th e  b a s is  o f  th e  above o b s e r v a t io n s , th e r e  appears  
t o  b e  no reason  why th e  f in ite -e le r n e n t  method cannot b e  u sed  fo r  th e  a n a ly s is  
o f  fu tu r e  com posite r o l l  a rb ors. The ord er o f  accuracy a s s o c ia te d  w ith  b oth  
methods i s  about th e  sa n e , b e in g  r e la te d  t o  u se r  e x p e r t i s e .
The main advantage u s u a lly  a t tr ib u te d  t o  th e  f i n i t e  e lem en t m ethod i s  
sp eed  o f  a n a ly s is  and, th e r e fo r e , c o s t  o f  a n a ly s is .  I t  was th e  a u th o r ’s  
e x p e r ie n c e , how ever, th a t  th e  tim e req u ired  f o r  mesh d e s ig n , d a ta  p r e s e n ta t io n  
and c o r r e c t io n , i s  comparable t o  th a t  req u ired  fo r  m odel m anufacture and s t r e s s  
fr e e z in g  in  p h o t o e la s t ic i t y .  The tim e req u ired  fo r  in te r p r e ta t io n  o f  r e s u l t s  
i s  a ls o  com parable, a lthough  th e  method o f  s t r e s s  s e p a r a t io n  i n  p h o t o e la s t i c i t y  
was found t o  b e  r a th e r  te d io u s .
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N e v e r th e le s s , a lthough  th e  two methods are  undoubtedly complementary, 
th e  author i s  r e lu c ta n t  t o  recommend f in ite -e le r n e n t  tech n iq u es  fo r  . th e  
e v a lu a t io n  o f  c r i t i c a l  s t r e s s  in form ation  cn s tr u c tu r e s  o th e r  than th o se  
w ith  ax i-sym m etric  lo a d in g  or  w e ll -d e f in e d  boundary c o n d it io n s . For exam ple, 
i t  i s  u n lik e ly  th a t  th e  sep a ra te  p h o to e la s t ic  d e s ig n  stu d y  o f  b ore  term ­
in a t io n  geom etr ies  (Chapter 3 ,  page 47) cou ld  have been  conducted w ith  
comparable e a s e .  I t  i s  in ten d ed , how ever, t o  u se  th e  f in ite -e le r n e n t  
tech n iq u e fo r  th e  a n a ly s is  o f  t r a n s ie n t  therm al c o n d it io n s  in  a com posite  
r o l l  when s u f f i c i e n t  tem perature d is t r ib u t io n  d a ta  i s  a v a i la b le .
4 .4  C r i t i c a l  s t r e s s e s
T able 5 shows a  summary o f  c r i t i c a l  s t r e s s  co n cen tra tio n  fa c to r s  
measured in  th e  p r e -te n s io n e d  arbor and assem bled r o l l .
TABLE 5 -  Summary o f  C r i t ic a l  S tr e s s e s
LOADING CASE
ARBOR SLEEVES
L ocation SCF; . L oca tion . SCF.
Arbor p r e - te n s io n in g 1 2 .7 - -
°K r,rn = WB/M norm / 3 (o r ig in a l) 1 4 .0 ■ - ' -
3 (m odified) 4 .5 > -
6 1 .4 -
R esid u a l load ing* 1 4 .6 S I 1 .8
3 2 .6 S2 1 .5
6 2 .9 S3 1 .5
Combined R esid u a l-  
lo a d in g  and
!
3
4.5-,
4 .8  
2 .8 .  
3 .0  •
51
52
2 .1 .
0 .8
0 .1
0 .7 *
T ransverse bending* 6 3 .0 .3 .3 S3
1 .9 .
0 .7
* a ' A n<m = m / M  ° ' s n a n =-WlVAs
Arbor p r e - te n s io n in g
T h is i s  th e  m ost c r i t i c a l  s t a t i c  lo a d in g  c o n d it io n  due t o  th e  h ig h  
nom inal s t r d s s  and method o f  lo a d  a p p lic a t io n  v ia  a  sm a ll d iam eter th r u s t  
rod . The s e v e r i t y  o f  c o n ta c t  lo a d in g  a t  th e  arbor b o re  term in ation  
( lo c a t io n  3) was p a r t ic u la r ly  c r i t i c a l  in  th e  o r ig in a l  d e s ig n , 'where an 
e l a s t i c  SCF o f  14 was m easured. For an e q u iv a le n t  s t e e l  p ro to ty p e  p o s s e s s in g  
t h i s  geom etry and a  nom inal § t r e s s  o f  0 .2 3  KN/mm2 , m a te r ia l in  th e  v i c i n i t y  
o f  th e  b o re  term in a tio n  would undoubtedly s u f f e r  lo c a l i s e d  p l a s t i c  
y ie ld in g .  -
A lthough th e  f i r s t  load  a p p lic a t io n  would e f f e c t i v e l y  reduce th e  f i l l e t  
SCF, su b seq u en t lo a d in g  would a ls o  cau se rep ea ted , and currm ulative, 
p l a s t i c  d eform ation . In  such c a s e s ,  i f  th e  a p p lied  lo a d in g  co n tin u es  t o  
be in  e x c e s s  o f  th e  m a te r ia l 's  shakedown l i m i t  (assumed = 2 x y i e l d
(25)
s tr e n g th  ) th e  arbor would s u f f e r  in crem en ta l c o l la p s e ,  le a d in g  t o  
low c y c le  fa t ig u e  f a i l u r e .
The m od ified  arbor d es ig n s  shewn in  F igu re (12) (page 48) in co rp o ra ted  
undercut f i l l e t  r a d i i ,  w hich r e s u lte d  i n  th e  c r i t i c a l  f i l l e t  s t r e s s  b e in g  
reduced t o  about 4 .5  x cAnom. T h is irrprovenent i s  p la in ly  a t tr ib u te d  t o  
th e  e f f e c t i v e  sep a ra tio n  o f  th e  SCF a s s o c ia te d  w ith  th e  b ore f i l l e t  and 
th e  SCF due t o  c o n ta c t  lo a d in g . A c r i t i c a l  s t r e s s  o f  t h i s  m agnitude 
i s  w e l l  below  th e  shakedewn l im it  fo r  a p ro to ty p e  arbor m a te r ia l (T able 6 ,  
page 156).
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The o n ly  d isad van tage  a s so c ia te d  w ith  th e  vise o f  an undercut 
f i l l e t  rad iu s a t  th e  bore term in ation  i s  t h a t ,  f o r  v ery  long  a rb o rs , i t  
may p r e se n t  sane d i f f i c u l t  m achining prob lem s. For t h i s  rea so n , fu r th e r  
model t e s t s  w ith  s im p ler  f i l l e t  geom etries a re  a t  p r e s e n t  b e in g  
in v e s t ig a t e d .
Assem bled R o ll
Arbor: Under th e  a c t io n  o f  r e s id u a l lo a d in g  th e  measuremed SCF v a lu e s  
a t  th e  arbor sh o u ld er  ( lo c a t io n  1) and th read  s t a r t  ( lo c a t io n  6) a r e ,  
r e s p e c t iv e ly ,  70% and 107% g r e a te r  than th e  correspond ing  v a lu e s  m easured  
in  th e  p r e -te n s io n e d  arbor. The a c tu a l s t r e s s  v a lu e  i s ,  how ever, much 
l e s s  in  th e  r e s id u a l ly  loaded  arbor due t o  th e  la r g e  d if f e r e n c e  i n  nom inal 
s t r e s s  (about 1 :1 0 ) .  : '
The in c r e a se  in  SCF v a lu e s  a t  arbor lo c a t io n s  1 and 6 r e f l e c t s  
th e  e f f e c t  o f  th e  s le e v e s  a c t in g  on th e  arbor su p p o r ts , ca u s in g  a  l o c a l i s e d  
bending s t r e s s  t o  b e superim posed on th e  nom inal f i l l e t  s t r e s s .  T ab le  5 
shows th a t  th e  e f f e c t  o f  superim posing tr a n sv e r se  ben d in g  i s  m arg in a l 
when compared w ith  th e  mean s t r e s s  l e v e l s  developed  d u rin g  assem bly .
An a lte r n a t in g  s t r e s s  c o n d it io n  o f  comparable m agnitude in  a  p ro to ty p e  
r o l l  i s  n o t  co n sid ered  a c r i t i c a l  h ig h  c y c le  fa t ig u e  problem  (s e e  c a s e  
s tu d y , Appendix 4 , page 158).
The n o n - lin e a r  d is t r ib u t io n  o f  SCF v a lu e s  m easured in  th e  combined  
lo a d  m odel was i n i t i a l l y  in te r p r e te d  as ev id en ce  o f  n o n -m o n o lith ic  b eh a v io u r  
fo r  th e  r o l l  under ben d in g . T his apparent anomaly was e v e n tu a lly  r e s o lv e d  _ 
by e x p r e ss in g  th e  arbor f i l l e t  s t r e s s  in  term s o f  l o c a l  lo a d  d i f f u s io n  
e f f e c t s ,  r a th e r  than  th e  o v e r a l l  c o n tr ib u tio n  frcm  tr a n s v e r se  b en d in g .
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Thus, th e  c r i t i c a l  s t r e s s  a t  lo c a t io n s  such a s  th e  arbor s h o u ld e r : : .f i l le t  
was ex p ressed  in  t e n t s  o f  th e  ncxninai s t r e s s  ir i b oth  th e  arbor and s le e v e s  
(eq u ation  30 , page 9 2 ) -  The. corresponding SCF*s w ere o b ta in e d  fra n  fr in g e  
measurements made on th e  ‘ten sion *  and ‘com pression* s id e s  o f  th e  r o l l  
asserrhly . S u b s t itu t io n  o f  th e s e  SCF v a lu e s  in  a s im ila r  e x p r e ss io n  f o r  
r e s id u a l  lo a d in g  (eq u ation  31 , page 93) v e r i f i e d  t h e ir  s p e c i f i c  r e le v a n c e  
t o - l o c a l i s e d  lo a d in g  e f f e c t s  ra th er  than  p a r t ic u la r  v a lu e s  o f  arbor  
t e n s io n  o r  tr a n sv e r se  ben d in g .
I t  i s  apparent th a t  t h i s  ty p e  o f  s t r e s s  c o n c e n tr a tio n  w i l l  occu r  
in  co n n ectio n  w ith  a  w ide v a r ie ty  o f  loaded  s tr u c tu r e s ,  such  as  load ed  
f la n g e s  and p r e ~ str a in e d  b o l t s .  I t  seems th e r e fo r e  t h a t  th e  procedure  
o u t lin e d  h ere  co u ld  f in d  more g e n e r a l a p p lic a t io n  in  th e  p r e s e n ta t io n  o f  
f i l l e t  d e s ig n  d a ta  .
S le e v e s ; S le e v e  s t r e s s e s  are n o t  c r i t i c a l ,  and g e n e r a lly  r e f l e c t  th e  
geom etric  s t r e s s  co n cen tra tio n  a s s o c ia te d  w ith  th e  a n n u la r * ;g r o o v e  .
. The e x p r e ss io n  fo r  c r i t i c a l  f i l l e t  s t r e s s  i n  th e  s le e v e  s u b je c te d  t o  
d ir e c t  c o n ta c t  w ith  th e  lo a d in g  b ar  i s  a r b i t r a r i ly  b a sed  cn th e  s le e v e  
w id th  W and tr a n sv e r se  bending lo a d  P (eq u ation  40 , page 100)•.
A more oonprehensive procedure fo r  s le e v e  a n a ly s is  w ould r e q u ir e  
fu r th e r  work an t e s t s  s p e c i f i c a l l y  d e s ig n e d 'to  i s o l a t e ,  and. q u a n t ify ,  
param eters e f f e c t i n g  s le e v e  s t r e s s  and s le e v e  su p p ort. For exam ple, i t  
i s  apparent from th e  p h o t o e la s t ic  t e s t s  th a t  s le e v e  s t r e s s  and s le e v e  
f l e x in g  cou ld  b e reduced by reducing  the'-height' o f  s l e e v e  su p p o rt, (arbor  
sh ou ld er  and r e ta in in g  n u t d ia m eter ) . However, e x c e p t  f o r  v ery  sh a llo w
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g ro o v es , i t  i s  n o t  c le a r  what p ro p o rtio n  o f  s le e v e  su pp ort can b e  s a c r i f i c e d  
b e fo r e  th e  s le e v e  becomes u n sta b le . T his i s  p a r t ic u la r ly  c r i t i c a l  fo r  
s le e v e  d e s ig n s  req u ired  fo r  th e  r o l l in g  o f  com plex, sharp an g led , s e c t io n s .
4 .5  P ro to ty p e  D esig n  Procedure
The p h o to e la s t ic  t e s t s  have shown th e  S irtple a n a ly t ic a l  m odel t o  
b e adequate fo r  th e  purposes o f  e s t im a tin g  arbor p r e - te n s io n  and s le e v e  
clam ping requirem ents t o  en su re m o n o lith ic  b ehaviour o f  a  com posite  r o l l  
d u rin g  r o l l i n g .  The m odel i s  r e a d i ly  m od ified  t o  in c lu d e  l im it in g  f a c t o r s ,  
r e la te d  t o  p erm itted  s t r e s s  l e v e l s ,  determ ined from SCF and m a te r ia l  
s tr e n g th  d a ta .
However, i t  i s  a ls o  d e s ir a b le  t o  a s s e s s  each  com posite r o l l  w ith  
r e s p e c t  t o  3 optimum v a lu e s  fo r  th e  arbor sh a n k /s le e v e  b ore  d iam eter  ( b ) . 
The c r i t e r i a  fo r  o p tim isa tio n  are:
( i )  Most Economic S le e v e  D esign  -  b ef b ;
W e a r -r e s is ta n t s le e v e  m a te r ia ls  such as tu n g sten  ca rb id e  are  
v ery  e x p e n s iv e , and t h e ir  c o s t  i s  volume r e la t e d .
( i i )  Maximum S le e v e  Support -  b  =
For seme a p p lic a t io n s ,  th e  e x i s t i n g  r o l l  and b ea r in g  d im ensions  
may b e such th a t  a  c a r p o s ite  r o l l  rep lacem ent i s  o n ly  f e a s ib l e  
i f  th e  s le e v e s  are g iv en  maximum su p p ort.
( i i i )  Minimum'Arbor P r e -te n s io n  -  b $ b £ b .——  - —  -........ —  max mm.
Arbor p r e - te n s io n , fo r  s le e v e  a s se n b ly , r e p r e se n ts  th e  m ost  
c r i t i c a l  s t a t i c  s t r e s s  c o n d itio n  in  a c a r p o s ite  r o l l .  The
f e a s i b i l i t y  o f  some p o t e n t ia l  a p p lic a t io n s  may, th e r e fo r e  
depend on a ininirnum arbor p r e - te n s io n  requirem ent .
T h is o p tim isa tio n  procedure o b v io u sly  r eq u ir es  a  la r g e  nurrfoer
o f  i t e r a t i v e  c a lc u la t io n s  over th e  ran ge, b = b  w  -  b = b . . C onsequently ,max mm -*■ .
a  corrputer program has been w r it te n  w hich determ ines th e  optimum 'b 1 
diam eter to g e th e r  w ith  r e la te d  arbor p r e - te n s io n  and s le e v e  clam ping  
req u irem en ts. A d e s c r ip t io n  o f  t h i s  program i s  g iv en  in  Appendix 4 ( p a g e ) 
The program i s  s u f f i c i e n t l y  f l e x i b l e  t o  a llo w  th e  u se r  t o  d ec id e  w hich  
o f  th e  a v a ila b le  c r i t e r i a  i s  m ost s u ita b le  fo r  any p a r t ic u la r  a p p lic a t io n .
The program in c lu d e s  an e s t im a te  o f  arbor fa t ig u e  s tr e n g th , th e  
d e r iv a tio n  o f  a c tu a l s le e v e  b o re /a rb o r  shank d iam eters (bga c t  and b ^ act  
r e s p e c t iv e ly )  and i s  r e le v a n t  t o  a  la r g e  range o f  s im p ly-su p p orted  c a r p o s ite  
r o l l s  in v o lv in g  s in g le ,  tw in , or  fo u r -s tra n d  r o l l in g .
Example d e s ig n  -  Lackenby c a r p o s ite  r o l l  p ro to typ e
The program was used  t o  a s s e s s  th e  f e a s i b i l i t y  and optimum d im e n s io is  . 
fo r  a  proposed com posite r o l l  p ro to ty p e  t o  be i n s t a l l e d  in  th e  N o .2 Rod 
M ill ,  BSC, Lackenby w orks. The r e l a t iv e l y  sm a ll d if f e r e n c e  betw een r o l l  
neck (ND) and b a r r e l  d isc a r d  d iam eter (DD) n e c e s s i ta t e d  maximum s le e v e  
su pp ort (b — b j ^ ) . T h is a ls o  c o in c id ed  w ith  a  minimum arbor p r e - te n s io n  
requirem ent.
F igu re  (A 6), (page 154) shews th e  arrangement f o r  th e  f i r s t  t r i a l .
I t  c o n s i s t s  o f  two d ou b le-p ass and s i x  s in g le -p a s s  s t e e l  s le e v e s  w hich  
comply w ith  th e  e x i s t i n g  p itc h  requirem ent fo r  tw in -str a n d  r o l l in g .  I t  i s
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in ten d ed  t o  u se  t h i s  c o n fig u r a tio n  as a  v e h ic le  fo r  s u i t a b le  in stru m en ta tion  
t o  o b ta in  o n - l in e  q u a n ta tiv e  in form ation  on shock lo a d in g  and tem perature  
d is t r ib u t io n s .
Subsequent t r i a l s  in  t h i s  m i l l  w i l l  in v o lv e  th e  u se  o f  s le e v e  
m a te r ia ls  such as tu n g sten  carb ide and N i-h ard .
A c o s t /b e n e f i t  a p p r a isa l o f  such an arrangement has been  conducted
(27)
and shown t o  be a p p rec ia b le  . The b e n e f i t s  are b ased  on e s ta b lis h e d  
w ea r-ra te s  w hich , fo r  c a r b id e , are an order o f  m agnitude l e s s  than th a t  
a s s o c ia te d  w ith  co n v en tio n a l v;ork r o l l  m a te r ia ls .
121
C H A P  T E R 5
CONCLUSICNS
The p h o t o e la s t ic  inodel t e s t s  have shorn  t h a t ,  w h i l s t  th e  proposed  
ccm posite r o l l  d e s ig n  i s  n o t  unduly ccm p lica ted , a  c o n s id e r a b le  amount 
o f  in form ation  i s  req u ired  to  f u l l y  d e sc r ib e  i t s  b eh a v io u r .
The tech n iq u e  o f  p r e - te n s io n in g  an arbor t o  p r o v id e  c o n tr o lle d  
a x ia l  and r a d ia l  s le e v e  clam ping i s  shewn t o  b e f e a s i b l e  and cap ab le  
o f  p rev en tin g  s le e v e  sep a ra tio n  under s im u la ted  r o l l i n g  lo a d . T h is  i s  
an im portant fe a tu r e  o f  th e  d e s ig n , w hich i s  n o t  a v a i la b le  in  known 
a lt e r n a t iv e  arrangem ents ^  ^  .
The s im p le  a n a ly t ic a l  model i s  shown t o  b e  adequate fo r  th e  
purposes o f  e s t im a tin g  arbor p r e - te n s io n  and s le e v e  clam ping req u irem en ts. 
However, th e  o r ig in a l  trea tm en t o f  s le e v e s  as p la in  c y l in d e r s  was 
found t o  o v ere stim a te  s le e v e  clam ping e f f i c i e n c y  b y  40%. C r i t i c a l  s t r e s s  
in form ation  from th e  p h o to e la s t ic  t e s t s  i s  c o n v e n ie n tly  combined w ith  
th e  a n a ly t ic a l  m odel t o  g iv e  a  b a s ic  d e s ig n  procedure f o r  sim p ly -su p p o rted  
ccm posite  r o l l s .  T h is has been  w r it te n  in t o  a  com puter program w hich  
en a b les  th e  f e a s i b i l i t y  o f  a  d es ig n  p ro p o sa l t o  b e r a p id ly  a s s e s s e d  i n  
term s o f  m echan ical s t r e s s  l e v e l s  and m\inimtum. s le e v e  d im en sio n s .
The o r ig in a l  p r e -te n s io n e d  arbor was found t o  b e  s e v e r ly  ov er­
s t r e s s e d  in  th e  v i c i n i t y  o f  th e  bore term in a tio n  w here an SCF o f  14 was 
m easured. F urther t e s t s  w ith  a l t e r n a t iv e  d e s ig n s  dem onstrated  t h a t  th e  
c r i t i c a l  s t r e s s  cou ld  b e  reduced t o  a s a f e  l e v e l  w ith  an SCF = 4 .5
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by in tro d u c in g  an undercut f i l l e t  r a d iu s . The arbor deform ation  c h a r a c t e r is t ic s  
w ere a l s o  inproved  by u s in g  t h i s  ty p e  o f  f i l l e t  a t  th e  arbor sh o u ld e r .
C r i t i c a l  s t r e s s  in form ation  fo r  s le e v e  d e s ig n  i s  n o t  as g e n e r a l is e d  
a s th a t  ob ta in ed  f o r  th e  arbor, a lthough  th e  p h o to e la s t ic  t e s t s  d id  
in d ic a te  a  p re fer red  manner o f  s le e v e  su p p ort. A com prehensive p rocedure  
fo r  s le e v e  d es ig n  would req u ir e  a sep a ra te  in v e s t ig a t io n ,  e s p e c ia l ly  
i f  c a r p o s ite  r o l l s  are t o  bemused fo r  th e  r o l l in g  o f  com p lica ted  o r  
sharp an gled  s e c t io n s .
Eeccmmendations a r is in g  from th e  p h o to e la s t ic  t e s t s  have b een  
in c lu d ed  in  th e  d e s ig n  o f  a com posite r o l l  p r o to ty p e , t o  b e  i n s t a l l e d  
in  th e  No. 2 Rod M i l l ,  BSC, Lackenby w orks. I t  i s  a ls o  recommended t h a t ,  . 
during th e  i n i t i a l  t r i a l s  o f  t h i s  p r o to ty p e , p r o v is io n  b e  made t o  m easure 
o n - l in e  c o n d itio n s  o f  r o l l in g  load  and tem perature d is t r ib u t io n s  through  
th e  assem bly . T h is  cou ld  b e ach ieved  by errfoeding s u i t a b le  p r e ssu r e  
tran sd u cers  and therm ocouples in  th e  s le e v e s  and arb or. The a d d it io n a l  
r e s u l t s  from t h i s  work cou ld  enhance th e  r e l i a b i l i t y  o f  th e  a n a ly t i c a l  
m odel, and would b e complimentary t o  th e  p h o to e la s t ic  d e s ig n  in fo rm a tio n  
d escr ib ed  in  t h i s  t h e s i s .
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1 .1  I s o c l i n i c s  and S t r e s s  T r a j e c t o r i e s
I f  t h e  p h o t o e l a s t i c  m o d e l  i s  e x a m i n e d  i n  p l a n e - p o l a r i s e d  
l i g h t ,  a n d  i f  a t  an y  p o i n t  t h e  d i r e c t i o n  o f  o n e  o f  t h e  p r i n c i p a l  
s t r e s s e s  c o i n c i d e s  w i t h  t h e  d i r e c t i o n  o f  p o l a r i s a t i o n  o f  t h e  
i n c i d e n t  l i g h t ,  t h a t  p o i n t  w i l l  a p p e a r  d a rk  when v i e w e d  t h r o u g h  
t h e  a n a l y s e r .  T h e  l o c u s  o f  p o i n t s  a t  w h i c h  p r i n c i p a l  s t r e s s  
d i r e c t i o n  c o i n c i d e s  w i t h  t h e  d i r e c t i o n  o f  p o l a r i s a t i o n  a p p e a r s  
a s  a d a r k  l i n e  a c r o s s  t h e  m o d e l .  S u c h  l i n e s  a r e  known a s  
I s o c l i n i c  l i n e s .  The  a n g l e  G w h i c h  t h e  d i r e c t i o n  o f  t h e  p r i n c i p a l  
s t r e s s  m a k e s  w i t h  a  r e f e r e n c e  a x i s  i s  t h e  p a r a m e t e r  o f  t h e  
i s o c l i n i c .  I n  a  f i e l d  o f  n o n - u n i f o r m  s t r e s s ,  t h e  d i r e c t i o n s  o f  
t h e  p r i n c i p a l  s t r e s s e s  v a r y  f r o m  p o i n t  t o  p o i n t .  I f  a  c u r v e  i s  
d raw n i n  s u c h  a way t h a t  t h e  d i r e c t i o n  o f  o n e  o f  t h e  p r i n c i p a l  
s t r e s s  i s  t a n g e n t i a l  t o  i t  a t  e v e r y  p o i n t  a l o n g  i t s  l e n g t h ,  t h e n  
s u c h  a c u r v e  i s  t e r m e d  a  L i n e  o f  P r i n c i p a l  S t r e s s  o r  S t r e s s  
T r a j e c t o r y .  The  s t r e s s  t r a j e c t o r i e s  a r e ,  t h e r e f o r e ,  draw n  
d i r e c t l y  f r o m  t h e  i s o c l i n i c  l i n e s  w h i c h  a r e  p r o j e c t e d  f r o m  t h e  
p o l a r i s i n g  b e n c h  on t o  a s c r e e n .  An i n s p e c t i o n  o f  t h e  s t r e s s  
t r a j e c t o r i e s  g i v e s  a  v a l u a b l e  i m p r e s s i o n  o f  t h e  s t r e s s  d i s t r i b u ­
t i o n  i n  t h e  m o d e l .  S t r e s s  c o n c e n t r a t i o n s  a r e  c l e a r l y  i n d i c a t e d  
b y  a  c r o w d i n g  t o g e t h e r  o f  t h e  t r a j e c t o r i e s ,  w h i l s t  a  c h a n g e . i n  . 
s t r e s s  s i g n  i s  r e c o g n i s e d  b y  an a b r u p t  c r o s s - o v e r  o f  t h e  P 
an d-Q  t r a j e c t o r i e s .
1 . 2  S t r e s s  S e p a r a t i o n s
In  o r d e r  t o  o b t a i n  c o m p l e t e  s t r e s s  d i s t r i b u t i o n s  
a c r o s s  a s e c t i o n  i n  a  s l i c e  c u t  f r o m  a p h o t o e l a s t i c  m o d e l  
i t  i s  n e c e s s a r y  t o  m e a s u r e  b o t h  t h e  i s o c l i n i c  a n g l e  ( a )  
a n d  t h e  i s o c h r o m a t i c  f r i n g e  v a l u e  (N )  a t  v a r i o u s  *
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p o s it io n s  a cro ss  th a t  s e c t io n .  The procedure fo r  p a r t ia l  fr in g e  d eterm ination  
V7as in  accordance w ith  th e  Sdnarmcnt method, w hich i s  accu ra te  t o  w ith in  
±0 .01  f r in g e s .
R eferr in g  t o  F igure ( A l ) , fo r  a x ia l  sy im etry , th e  d i f f e r e n t i a l  
eq u ation  o f  eq u ilib r iu m  in  p o la r  c o -o r d in a te s  reduces to :
9 srr  , o r r r  . 36rz _ ,
3r r  T T "    1
/  ' ii ■  i i i ■  i ■ i 1 — «  i .  n ■ ! ■ ■ ■  i i i i   . . . . . . . . . . . . . . . .  —
N e g le c t in g  body fo r c e s  .
The fo llo w in g  procedure i s  a  g ra p h ica l in te g r a t io n  tech n iq u e  f o r  
th e  s o lu t io n  o f  eq u a tio n  (a. l )  in  accordance w ith  th e  T esar method o f  s t r e s s  
s e p a r a t i o n 2 8 * . ;
1 . To determ ine 3arz/3Z:
from Mohr's c i r c l e ,  fo r  a  system  o f  th r e e -d im e n sio n a l
s t r e s s ,  i t  can be shewn th a t :
1
crrz = 2  (p " Q) s in
arz = —  S in  2a (a .2 )  -
where N and a are measured in  th e  r - z  p la n e  and a i s  
measured a n t i-c lo c k w ise  from Z t o  r .
P a r t ia l ly  d i f f e r e n t ia t in g  eq u a tio n  (a.2)  w ith  r e s p e c t  t o  Z,
3<?rz
3Z (a.3)
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Hoop sl/ca
Ffa.M Notation /o r photoelastic analysis
P h o to e la s t ic  o b serv a tio n s  g iv e  v a lu e s  fo r  th e  s lo p e s  3N/3Z 
and 3a/3Z a t  M id -lin e  w hich , to g e th e r  w ith  th e  m a te r ia l fr in g e  
v a lu e  f  and s l i c e  th ic k n e ss  t ,  e n a b le s  eq u ation  ( a .3) t o  be  
so lv e d  a t  v a r io u s  r a d i i  through- th e  s e c t io n .
2 . To determ ine :
The s t r e s s  d if fe r e n c e  (drr -  i s  measured d ir e c t ly  from  
th e  c ir c u m fe r e n tia l s l i c e  fo r  v a r io u s  r a d i i ,  p erp en d icu la r  t o  
th e  M id -lin e  as shown in  F igure (A l) .
I f  th e  s t r e s s  d if fe r e n c e  (drr -  0<j>4>) i s  n o t  co n sta n t around  
th e  c ircu m feren ce , a s i s  th e  c a se  fo r  th e  asym m etric b end ing  
s t r e s s  d is t r ib u t io n ,  eq u ation  (a.1) can b e s o lv e d  by s u b s t i t u t in g
orr -  o<$>$ ' drr -  cr<f>d
r  p
where p = rda/B <p
3 . To determ ine 3 arr/3r:  
From eq u a tio n  (a . 1)
so r r /a r  = -  [ 3 S £  +■ :;SSL ±  m
w hich , when in te g r a te d  g iv e s ,  
rN
arr^ = orr__ ±
r o
fdorz , o r r  -  uaa!
— Z~ “-------- — ~  . d v  .......... .. ( a .4
where N i s  any p o in t  in  th e  r  d ir e c t io n .
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By a p r o cess  o f  g ra p h ica l in te g r a t io n  eq u a tio n  (a . 4) can b e so lv e d  
fo r  arr  a t  v a r io u s r a d i i .
U lu s, from ( 3 ) ,  azz can be s o lv e d  s in c e ,
azz -  arr = (P -  Q) Cos 2a
N f „  '= —  Cos 2a 
t
N fazz = —  Cos 2a ± arr
and frcm ( 2 ) ,  a<jxj) can be s o lv e d  s in c e ,  
(orr -  a<f><f>) = | ~
= ± a rr  -
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APPENDIX 2 - DESIGN MALYSIS
2 .1  E f f e c t iv e  S le e v e  Modulus, Ese  
R o ll under b en d in g:
The c a r p o s ite  r o l l  i s  t r e a te d  as an e q u iv a le n t  homogeneous beam 
by coirbining th e  f le x u r a l  r i g i d i t y  o f  th e  arbor and s le e v e s  (eq u ation  3 ,  
page 1 5 ) .
T his s im p le  id e a l i s a t io n  req u ir es  m o d ific a tio n  t o  account fo r :
1 . S le e v e s  o f  d i f f e r in g  m a te r ia l p r o p e r t ie s .
2 . S le e v e s  o f  d i f f e r in g  w id th s .
I f  a l l  s le e v e s  (NSr), and s le e v e  supports (NSE), are e x p ressed  in  
term s o f  m a te r ia l EA and w id th  w, th e  e f f e c t i v e  s le e v e  modulus can b e  
approxim ated to :
Ese  = EA I  N sr i.R r  + NSE . . . . . . . .
r  = 1-WST
I  NSr. Rr 
r  = 1->NST
For th e  r o l l  m d e r  r e s id u a l lo a d in g  (equation  5 ,  page 2 0 ) ,  a  s im ila r  
e x p r e ss io n  can be d er iv ed  fo r  Ese ' by s u b s t i t u t in g  NSE* fo r  NSE i n  
eq u a tio n  (a .5 ) .
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(a .5)
NCff/ENCLiMUEE
NST = Number o f  s le e v e  m a te r ia l ty p es
NSr = Number o f  s le e v e s  o f  e l a s t i c  modulus ESr and w id th  W
R^ . = ESr/EA
NSE = Nunfoer o f  a d d it io n a l e q u iv a le n t  s le e v e s  o f  e l a s t i c  modulus
modulus EA (R o ll under bending)
(LS + LN)/W
NSE' = Nurrber o f  a d d it io n a l e q u iv a le n t  s le e v e s  o f  e l a s t i c
EA (R o ll under r e s id u a l load in g)
LS/W ;
NS = Nurrtoer o f  s le e v e s  o f  therm al c o e f f i c i e n t  aS and
' w id th  W S
Rs  = “V s *
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2 .2  S le e v e  C laitping and R o ll Temperature (stea d y  s t a t e  therm al co n d itio n s)
The u se  o f  s le e v e  m a te r ia ls  w ith  a low er c o e f f i c i e n t  o f  therm al 
exp an sion  than  th e  arbor w i l l  r e s u l t  in  a  lo s s  in  a x i a l  clarrping and an 
in c r e a se  i n  r a d ia l  clairp ing a t  e le v a te d  tem p eratu res.
A x ia l clam ping:
I f  a l l  s le e v e s  (NS ) are ex p ressed  in  term s o f  therm al p rop erty  
aA and w id th  w, th e  lo s s  in  a x ia l  cla irp ing due t o  an o v e r a l l  , u n iform , 
in c r e a se  in  tem perature i s  g iv en  by:
6WR = J NSg . (dA. w. AT. EA. AA) . . . . . . . . . .  (a .6 )
. • s  -  1-^NST
LB
R adia l c la itp in g :
I f  th e  com posite r o l l  under c o n s id e r a tio n  c o n s i s t s  o f  s le e v e s  w ith  
id e n t ic a l  c o e f f i c i e n t s  o f  therm al exp an sion  (b ein g  l e s s  than th e  arbor  
m a te r ia l) , th e  in c r e a se  in  r a d ia l  cla irp ing  fo r  any s le e v e  w i l l  b e  p r o p o r t io n a l  
to :
Afmm " ‘ ' V  = b - AT (“A -  5s) <a.7)
The c a se  fo r  a  carrposite r o l l  w ith  s le e v e s  o f  d i f f e r i n g  th erm al 
p r o p e r t ie s  ( e .g .  s t e e l  and carb ide) can b e  accommodated in  th e  e x p r e s s io n  
f o r  6WR w ith o u t d i f f i c u l t y .  However, t o  a s s e s s  th e  e f f e c t  o f  a  s im i la r  
m ixed s le e v e  contoinatian an r a d ia l  cla irp ing would r e q u ir e  a  d e t a i l e d  *
knowledge o f  th e  tem perature d is t r ib u t io n  through , and a lo n g  th e  r o l l  a ssem bly .
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2.3 Stiffness Losses
In s  sim p le  r e la t io n s h ip  between arbor p r e - te n s ic n  WB and r e s id u a l  
s le e v e  cla irp ing  WR (equation  5 , page 20) assumes t h a t  th e  s le e v e s  are p er­
f e c t l y  f l a t  and p erp en d icu lar  t o  each o th e r . I t  fu r th e r  assumes a b so lu te  
r i g id i t y  fo r  th e  s le e v e  su p p o rts . The e f f e c t  o f  t h i s  s im p le  id e a l i s a t io n  
i s  t o  o v er  e s t im a te  th e  c la itp in g  e f f i c i e n c y  (WfVWB) o f  th e  com posite r o l l  
under c o n s id e r a t io n .
P o te n t ia l  red u ctio n  in  a x ia l  c la irp ing;
I f  s t i f f n e s s  lo s s e s  are t o  be compensated f o r ,  th en  th e  o r ig in a l  
arbor p r e -te n s io n  ( to  d ev e lcp  must be in c r e a se d  a cco rd in g  t o :
WBf . = WR . K + WBmin mm e
where WB = P o te n t ia l  red u ctio n  in  e f f e c t i v e  arbor p r e - te n s io n  due t o  e
s t i f f n e s s  l o s s e s .
L et We * = E stim ated  ccrrpcnent f le x in g  under r e s id u a l  lo a d in g , WR^j^
= Redundant arbor a x ia l  c o n tr a c tio n
and W = Nominal arbor a x ia l  e x te n s io n  under p r e - t e n s io n ,  WBf . . non min
j t a  :m  _  We. AA. EA 
111611 e  " LA(WB)
W . M . EA
and WBf .   —nun LA (WB)
* From p rev io u s  exp erim en ta l work, v a lu e s  o f  We  o f  up t o  10% ^ncm have  
been measured.
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(a .8 )
Substituting for WBe in equation (a.8) gives,
W
W B f.., = WR . K + # — .x WBf . nun nun W  minnan
m  . x K
WBf . -  “52-------nun 1 W
1 - Wnan
o r WBf .  = WR.  .K .F3  nun nun
where F3 = W
1 - Wnan
P o te n t ia l  in c r e a se  in  r a d ia l  c la irp in g;
The redundant arbor a x ia l  co n tra c tio n  w i l l  a l s o  b e accompanied by  
an e x c e s s  arbor r a d ia l  ex p a n sio n , which i s  in  a d d it io n  t o  th e  i n i t i a l l y  
d evelop ed  in te r fe r e n c e  A 'ij^  r e fe r r e d  t o  in  S e c tio n  2 .2  (page 19) and 
eq u a tio n  7 , page 22.
I t  fo llo w s  t h a t ,
I f W = Redundant arbor a x ia l  c c n tr a c tio n  e
arid U = E xcess in te r fe r e n c e  s im u lta n eo u sly  developed
Uien:
WL. b . vA
U  =  — ___________
e  LA(WB)
A lso , s in c e F3 = W
1 - Wnon
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(a .9)
(a . 10)
VI = (1 -  Vf3) W e  ' nom
(1 -  V f S). .WBf . . LA(WB) ._________  mm '
AA. EA
S u b s t itu t in g  fo r  in  equation, (a . 10) g iv e s :
(1 -  Vf3) WBf . . b .  vA
T7 _  non -,i\
e  AA. EA     la . iJ j
I f  th e  r e s u lta n t  in te r fe r e n c e  i s  n o t  t o  b e g r e a te r  than t h a t  w hich
i s  req u ir ed , th en , p ro v id in g  U < A 'i . ,- r  3 e  nun
Ai . = A 'i . -  Unun nun e
where A i^ ^  = C orrected , i n i t i a l l y  developed  in te r fe r e n c e .
2*4' Maximum S le e v e  Claitping
Minimum s le e v e  c la itp in g  requirem ents a r e , by  d e f in i t i o n ,  b a sed  on 
a minimum m a te r ia l co n d itio n  betw een th e  arbor shank and s le e v e  b o r e s .
I f  a  maximum m a te r ia l co n d itio n  i s  found t o  e x i s t  in  p r a c t ic e ,  th e  
e x c e ss  a x ia l  cla irp ing can be d is sa p a te d  by in c r e a s in g  th e  i n i t i a l l y  
d evelop ed  r a d ia l  clartping. The amount by w hich th e  i n i t i a l  in t e r f e r e n c e  i s  
in c r e a se d  w i l l  depend, t o  a  la r g e  e x t e n t ,  an th e  t e n s i l e  s tr e n g th  o f  th e  
s le e v e  m a te r ia l.
Thus, axe maxiimxm in te r fe r e n c e  A i ^  i s  g iv en  some a r b itr a r y  v a lu e ,
say
max nun 
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Ai ... — Ai + Sip
and th e  r e s u lta n t  hoop te n s io n  checked a g a in s t  p e r m is s ib le  v a lu e s .
I t  fo llo w s  th a t  maximum a x ia l  c la irp in g  i s  g iven  by:
WBf
yjB. '  -----m ax. . K. F3
v4lere ™ ^ B X  =  “ V n  + Z (ST + -  AW
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APPENDIX 3 -  FINITE ELEMENT IDEALISATION OF A PKE-TENSICNED ARBOR
The arbor d e s ig n  examined in  th e  p n o to e la s t ic  t e s t s  i s  a  f a i r l y  
t y p ic a l  c o n f ig u r a t io n , th e  a n a ly s is  o f  w hich w i l l  be r e le v a n t  t o  a  w ide  
range o f  co n p o s ite  r o l l  a p p lic a t io n s .
However, i t  may b e th e  c a se  th a t  a com posite r o l l  arrangem ent i s  
requirem ed fo r  some s p e c ia l  a p p lic a t io n , where th e  o v e r a l l  p ro p o rtio n s  o f  
th e  arbor d i f f e r  s ig n i f i c a n t l y  frcm  th o se  s tu d ie d  in  th e  p h o t o e la s t ic  
m odel. In  t h i s  in s ta n c e , th e  e x i s t i n g  procedure fo r  arbor d e s ig n  may n o t  
b e s u i t a b le ,  and may even  b e m is le a d in g .
For t h i s  reason  i t  was d ec id ed  t o  a n a ly se  a f i n i t e  e lem en t i d e a l i s a ­
t io n  o f  a  s im ila r  arbor, w ith  th e  in te n t io n  o f  a s s e s s in g  i t s  s u i t a b i l i t y  ' 
fo r  th e  ra p id  a p p r a isa l o f  a l t e r n a t iv e  arbor d e s ig n s .
A l l  work was run on th e  CEGB computer (IBM 370/85) u s in g  t h e i r
(29)in -h o u se  s u i t e  o f  f i n i t e  elem ent programs . The r o l l  arbor was t r e a te d  
as a s im p le  axisym m etric s tr u c tu r e , b e in g  d escr ib ed  w ith  a mesh d e s ig n  
(F igure A2) c o n ta in in g  two elem ent ty p e s , EX16 and EX12. These a re  
r ec ta n g u la r  and tr ia n g u la r  elem ents r e s p e c t iv e ly .  Both have th e  advantage  
o f  a m id -s id e  node f a c i l i t y .
Mesh refinem en t a t  th e  model boundaries and in  th e  v i c i n i t y  o f  
th e  bore term in a tio n  i s  about an order o f  m agnitude g r e a te r  than t h a t  mid­
way through th e  arbor shank. '
T h is  degree o f  refinem en t was co n sid ered  n e c e ssa r y  i f  c r i t i c a l  
s t r e s s e s  n ear  th e  arbor boundaries were t o  b e q u a n t if ie d  w ith  s u f f i c i e n t  
accu racy .
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The method o f  end r e s t r a in t  and id e a l i s e d  lo a d  in p u t was based  on 
q u a la t iv e  o b serv a tio n s  made in  th e  p h o to e la s t ic  m odel. Isochrorratic  fr in g e s  
and s t r e s s  t r a j e c t o r ie s  in  th e  v i c i n i t y  o f  th e  a r b o r /th r u s t  rod in te r fa c e  
in d ic a te d  th a t  th e  in t e n s i t y  o f  p ressu re  a t  th e  b o re  term in a tio n  w as. 
maximum a t  th e  o u te r  ra d iu s and l in e a r ly  d ecreased  tow ards th e  a x is  o f  
syirmetry.
The id e a l i s a t io n  o f  t h i s  p ressu re  d is t r ib u t io n  i s  shown in  
F igure A2. -
s‘~
Assuming a  system  o f  p o in t  lo a d s , th e  m agnitude o f  load  a t  each  
node i s  determ ined i n  th e  fo llo w in g  manner;
L et f  be th e  f o r c e /u n i t  le n g th  o f  c ircu m feren ce , th en  th e  t o t a l  
a x ia l  lo a d  a c t in g  on th e  arbor WB can b e w r it te n  a s ,
n=l-*m [ m
or f
WB. rn
n
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F igure A3 shews th e  o v e r a l l  deform ation  p lo t  fo r  th e  p r e -te n s ic n e d  
arb or. The r a d ia l  c o n tr a c t io n  u a lon g  th e  arbor shank i s  a ls o  in c lu d ed  
in  F igure (8) (Chapter 3 , page 41) . F igure A4 shews th e  d is t r ib u t io n  o f  
s t r e s s  a t  S e c t io n s  1 and 3 , to g e th e r  w ith  ta n g e n t ia l  SCF v a lu e s  a t  a l l  
c r i t i c a l  lo c a t io n s .
These r e s u l t s  are  d is c u s se d , in  r e la t io n  t o  th e  e q u iv a le n t  p h oto ­
e l a s t i c  model t e s t ,  in  Chapter 4 .
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APPENDIX 4 -  PROTOTYPE DESIOsf PROCEDURE
A-computer program has been w r it te n  w hich conforms t o  th e  g e n e r a l  
a n a ly s is  o f  com posite r o l l s  d isc u sse d  in  Chapter 2 .  The program s tr u c tu r e  
shown in  F igure (A 5), i s  arranged as a  s e r ie s  o f  f e a s i b i l i t y  a sse ssm en ts  
r e la te d  t o  th e  lo a d in g  and s le e v e  cla irp ing requirem ents fo r  any p roposed  
d e s ig n . The c o n tr o l l in g  param eters are m ainly a s s o c ia te d  w ith  p e r m is s ib le  
s t r e s s  l e v e l s  w hich are  based  on th e  p h o to e la s t ic  t e s t s  d e sc r ib e d  in  
Chapter 3 .
O p tim isa tion  Procedure
S in ce  th e  e x te r n a l d im ensions o f  a  c o n p o s ite  work r o l l  a re  la r g e ly  
d ic ta te d  by th o se  o f  th e  co n v en tio n a l r o l l  i t  i s  r e p la c in g , th e  main  
o b je c t iv e  i s  t o  s e l e c t  an optimum v a lu e  fo r  th e  s le e v e /a r b o r  common 
d iam eter , b .
For most a p p lic a t io n s  th e r e  w i l l  e x i s t  numerous s a t i s f a c t o r y  v a lu e s  
o f  b .  T h erefore , th e  program i s  d esig n ed  t o  e v a lu a te  each  a p p lic a t io n  w ith  
r e s p e c t  t o  3 d esig n  c r i t e r i a ,  namely:
( i)  Most econom ic s le e v e  d es ig n  ^ b = b  . ----------------------------------------- —2 -  max
W ea r-r es is ta n t s le e v e  m a te r ia ls  such  as  tu n g sten  ca rb id e  
are very  e x p e n s iv e , and t h e i r  c o s t  i s  volume r e la t e d .
( i i )  Maximum s le e v e  support m b = b ^ ^ .
For some a p p lic a t io n s , th e  e x i s t i n g  r o l l  and b e a r in g  
dim ensions may b e such th a t  a  com posite  r o l l  rep lacem en t i s  
o n ly  f e a s ib le  i f  th e  s le e v e s  are g iv en  maximum su p p o rt.
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( i i i )  Minimum arbor p r e -te n s io n in g  a, b £ b £ b  . .  c ---------------------2 nax min
Arbor p r e - te n s io n in g , f o r  s le e v e  assem bly , r e p r e se n ts  th e  
m ast c r i t i c a l  s t a t i c  s t r e s s  co n d itio n  in  a com posite r o l l .  
H ie f e a s i b i l i t y  o f  seme p o t e n t ia l  a p p lic a t io n s  may, th e r e ­
fo r e ,  depend cn a  minimum arbor p r e - te n s io n in g  requ irem ent.
Program D escr ip tio n
I n fe r r in g  t o  th e  f lo w -c h a r t in  F igure (A 5), i t  can b e se e n  th a t  th e  
program c o n s is t s  o f  seven  sep a ra te  s t a g e s .
STAGE 1 (Most econom ic s le e v e  d es ig n  c r i t e r ia )
I n i t i a l l y  C i s  a ss ig n ed  a maximum v a lu e  and b  i s  a s s ig n e d  a  minimum
\
v a lu e , d ic ta te d  by th e  e x i s t in g  r o l l  and b ea r in g  d im en sion s.
rrtu— n S i  f  S u P 9o r t e d  s le e v e  h e ig h t  ' 
H2 (Unsupported s le e v e  h e ig h t i s  th en  compared w ith  an
em p erica l fa c to r  (F2) o f  a c c e p ta b i l i t y .  (O bservations from th e  p h o t o e la s t ic  
t e s t s  have g iven  some in d ic a t io n  o f  minimum s le e v e  su p p ort req u irem en ts , 
although  a d es ig n  procedure fo r  s le e v e  support w ould re q u ir e  a  se p a r a te  
s tu d y ) .
I f  H1/H2 > F2, b i s  in c r e a se d  u n t i l  H1/H2 = F2.
I f  H1/H2 < F2, th e  s le e v e  new s i z e  UN i s  reduced  u n t i l  Hl/Ei2 =  F2,
o r  u n t i l  EN i s  reduced t o  50% o f  i t s  o r ig in a l  v a lu e  (H2 = H2 . -3 min
(EN -  C ) /4 ) .  T h is i s  an a r b it r a r i ly  chosen l im it a t io n  t o  new s i z e
red u ctio n  w hich can be a lt e r e d  i f  req u ired .
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Tne above procedure en su res th a t  b i s  a ss ig n e d  a  maximum v a lu e ,  
and th a t  th e  s le e v e s  are o f  a  minimum volume. Subsequent red u ctio n s  in  
b are to le r a te d  o n ly  i f  th e  r e la te d  load  and s t r e s s  c o n d it io n s  ex ceed  
p erm itted  v a lu e s .
STAGE 2
The arbor b ore  d iam eter a  i s  a ss ig n e d  a maximum v a lu e  b ased  on 
r o l l  s t i f f n e s s ,  w a l l  th ic k n e ss  and th r u s t  rod  r u lin g  s e c t io n  c o n s id e r a t io n s  
ISfo subsequent red u ctio n  in  a i s  p erm itted  a s  t h i s  w ould o n ly  se r v e  t o  
w orsen th e  c o n ta c t  s t r e s s  c o n d it io n  a t  th e  th r u s t  rod /arb or in t e r f a c e .
STAGE 3
Minimum s le e v e  a x ia l  clam ping requirem ents a re  determ ined
from th e  r o l l in g  lo a d  in p u t d a ta . (This i s  norm ally su p p lie d  by th e
r o l l in g  m i l l  p e r so n n e l, b u t can be ob ta in ed  from a  se p a r a te  program b ased
(30)on th e  Cook and McCrum th eo ry  o f  r o l l in g  lo a d  ) .  P r o v is io n  i s  made 
f o r  th e  c a lc u la t io n  o f  maximum bending moment fo r  s i n g l e ,  tw in  o r  fo u r  
stran d  r o l l in g .
Arbor p r e - te n s io n in g  requirem ents fo r  s le e v e  cla irp ing  and s le e v e  
asserrfoly are determ ined, assum ing a maximum m a te r ia l c o n d it io n  f o r  th e  
s le e v e  b ores and arbor shank.
As an approxim ation , th e  p e r m iss ib le  v a lu e  o f  maximum arb or p re­
te n s io n  i s  b ased  on a  p is to n  d iam eter o f  about 60  mm l e s s  th an  C
and a  maximum o i l  p ressu r e  o f  0 .2 1  KN/irm2 . I f  n e c e s s a r y , th e s e  c r i t e r i a  
fo r  Wpgpjyj can be confirm ed from a sep a ra te  a n a ly s is  o f  th e  p ressu r e  cap. 
and r e la t e d  apparatus .
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b i s  reduced u n t i l  WB,
STAGS 4
C r i t ic a l  s t r e s s e s  in  th e  th r u s t  rod and arb or, d u rin g  s le e v e  
asseirtoly (oRncm and aAItiax r e s p e c t iv e ly ) , and fo r  th e  arbor under 
r e s id u a l lo a d in g  (a,Am x ) / are coirpared w ith  m a te r ia l s tr e n g th  s p e c i f i c a t io n s .
reduced u n t i l  t h i s  c o n d it io n  i s  c o r r e c te d .
The a lte r n a t in g  s t r e s s  coirponent in  th e  arbor i s  determ ined  and 
coirpared w ith  a  c o n se r v a tiv e  e s t im a te  o f  th e  arbor m a te r ia l f a t ig u e  
s tr e n g th  in  th e  fo llo w in g  manner:
For th e  arbor su b jec ted  t o  mean a x ia l  lo a d in g  WR and a lt e r n a t in g
(32)
bending ± <5A, i t  can b e shewn th a t  , fo r  an i n f i n i t e  s e r v ic e  l i f e  th e  
than u n ity ,
where Sam(N) = F a tig u e  s tr e n g th  o f  m a te r ia l la b o ra to ry  specim en a t  a
I f  any s t r e s s  exceed s i t s  p erm itted  v a lu e , b i s  in cr em en ta lly
i . e (a. 12)
Assuming a  c o n sta n t s t r e s s  arrplitude
g iv en  mean s t r e s s  fo r  endurance N; and
(6At  -  6he) 
2 x KSf F actored  a lte r n a t in g  s t r e s s  (KS^ i s  t h e  su r fa c e  f i n i s h  fa c to r )
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For a  c o n se r v a tiv e  e s t im a te  o f  fa t ig u e  s tr e n g th ,
Sam(N) = Sao(N) | l  -
where Sao(N) = V alue o f  Sam(N) a t  zero  mean s t r e s s  
m = Index fo r  th e  e f f e c t  o f  mean s t r e s s
a* A = Maximum mean s t r e s s  in  a rb o r, a t  S e c t io n  1  max
and Ays = Arbor m a te r ia l y i e l d  s tr e n g th
Assuming Sao(N )/A ys = 0 . 4 ,  m = 1 (Goodman lin e )  and KSf = 0 .9 2  th e n ,  
from eq u a tio n  ( a .12)
f t  = n A ~ glAmax) 2 x 0 .9 2  
(tfAt -  <5Ac)
The above e s t im a tio n  o f  fa t ig u e  l i f e  im p lie s  th e  d ir e c t  s u b s t i t u t io n
o f  SCF's d er iv ed  from th e  p h o to e la s t ic  in v e s t ig a t io n .  T h is i s  a  r a th e r
p e s s im is t ic  approach s in c e  th e  e f f e c t i v e  SCF in  a  d yn am ica lly  load ed  s t e e l
(33)
p ro to ty p e  ten d s t o  be l e s s  than th a t  measured in  a  p h o t o e la s t ic  model
A minimum p e r m iss ib le  v a lu e  fo r  th e  c o l l e t - s h e l l ' s  c r o s s - s e c t io n a l
area  AC . i s  determ ined, mm
STAGE 5
Based an th e  p r e v io u s ly  c a lc u la te d  v a lu e  o f  th e  a c tu a l
s le e v e  bore and arbor shank d iam eters (bga c t  and b ^ a c t  r e s p e c t iv e ly )  a re  
determ ined in  th e  fo llo w in g  manner.
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R eferrin g  t o  F igure 4 (page 2 4 ) ,  zer o  d ia ir e tr a l c le a m a c e  w i l l
e x i s t  a t  v a lu es  o f  arbor p r e -te n s io n  = WB. . and WB. . Assumingim n  im ax 3
maximum m a te r ia l c o n d it io n s ,
bga c t  = b -
+STWB. x v ,  . imax Axb
EA. AA -0
and bAa c t  = b
STAGES 6 AND 7 (Maximum s le e v e  support and minimum arbor p r e - te n s io n  
c r i t e r i a ,  r e s p e c t iv e ly )
S ta g es 3-5  are rep ea ted  w ith  red u cing  v a lu e s  o f  b . D im ensional
o r  p erm itted  s t r e s s  l e v e l s  l im it  th e  v a lu e  o f  b f o r  maximum s le e v e
support c r i t e r ia .  A minimum v a lu e  fo r  arbor p r e - te n s io n  o f te n  c o in c id e s
w ith  b  = b  . , b u t t h i s  i s  n o t  alw ays th e  c a se , nun
P roto typ e D esign
The fo llo w in g  i s  a  b r i e f  summary o f  th e  d e s ig n  and s t r e s s  a n a ly s is  
adopted fo r  a proposed  com posite r o l l  p ro to ty p e  t o  b e  i n s t a l l e d  in  th e  
No. 2 Rod M il l ,  BSC, Lackenby w orks. T h is i s  a  25 s ta n d  con tin u ou s m i l l  
c o n s is t in g  o f  7 rough ing , 10 in term ed ia te  and 8 f in i s h in g  sta n d s  r o l l i n g  
two stra n d s s im u lta n eo u sly . I t  i s  fe d  w ith  83 mm square by 1 0 .7  m lo n g  
b i l l e t s  from a s in g le  reh ea t furnace and norm ally  produces, betw een 3000  
and 3400 tonnes p er  week o f  rod in  th e  s i z e  range o f  5 .5  mm t o  10 mm 
d iam eter . The rod i s  s o ld  t o  b e drawn in t o  p in s , s t a p l e s , ca rd in g  w ir e , 
e t c .  and i s  a l l  h igh  carbon s t e e l .
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The com posite r o l l  p r o to ty p e , sh a m  in  F igure A6, i s  d es ig n ed  t o
r e p la c e  th e  e x i s t i n g  340 .mm d im ater r o l l s  in  cne o f  th e  in te n r e d ia te
s ta n d s . I t  c o n s is t s  o f  two d ou b le -p a ss  and s i x  s in g le - p a s s  s le e v e s  w hich
comply w ith  th e  311 ran p itc h  requirem ent fo r  tw in -str a n d  r o l l in g .  In
t h i s  p a r t ic u la r  e x a n p le , th e  r e la t iv e l y  sm a ll d if f e r e n c e  betw een th e  r o l l
neck (ND) and b a r r e l d isca rd  s i z e  (DD) d ic t a t e s  a  maximum s le e v e  su pp ort
c r i t e r i a ,  where b = b . . (This a ls o  c o in c id e s  w ith  minimum arbor p r e -m in c
t e n s io n in g  req u irem en ts). “
The o v e r a l l  s i z e ,  s le e v e  cla irp ing  and arbor p r e - te n s io n in g  
requirem ents (Data S h eet 2 and Table 6 r e s p e c t iv e ly )  f o r  th e  Lackenby p r o to ­
ty p e  are n o t  u n lik e  th o se  o u t lin e d  f o r  th e  exairple com posite r o l l  d esc r ib e d  
in  Chapter 2 .
However, a  number o f  d es ig n  fe a tu r e s  have been co n s id e r a b ly  m o d ified  
in  th e  l i g h t  o f  r e s u l t s  from th e  p h o to e la s t ic  in v e s t ig a t io n .  S le e v e  
d e s ig n  has been la r g e ly  in f lu e n c e d  by o b serv a tio n s  made in  th e  seco n d  and 
th ir d  model t e s t s .  In  t h i s  work i t  was shown t h a t ,  f o r  s a t i s f a c t o r y  
cla irp in g , th e  arbor sh ou ld er  and r e ta in in g  u n it  d iam eter sh o u ld  n o t  b e  
s ig n i f i c a n t l y  in  e x c e s s  o f  th e  s le e v e  d iam eter a t  th e  b a se  o f  th e  annular  
groove (p a s s ) .
Other d es ig n  improvements which have been in co rp o ra ted  in  t h e  
Lackenby p ro to typ e  in c lu d e  th e  s t r e s s  r e l ie v in g  fe a tu r e s  in  th e  v i c i n i t y  
o f  th e  a rb o r 's  s le e v e  support sh ou ld er  and bore term in a tio n .
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DATA SHEET 2 
Lackenby p r o to ty p e , a l l  s t e e l  s le e v e  sy stem
NSR = 2 \)A=vs = 0 .3
PL = 311 mm aA = 11 * 10"6 mm/rnrrv^ C
P = 60 KN EA = 207 KN/irm2
T = 3072 KN.mm as = aA
SF = 2 .5  " Es = EA
a = 1 0 5 .1  irm y = 0 . 1
b  = 243 mm AT = 30°C
c  = 2 9 2 ,5  mm NST = 1
W = 5 5 .5 8  ran NSI = 10 .165
L = 1079 inn AT = 0 .0 1 2 7  ran
LI = 388.75 mm ST = 0 .0 1 2 7  mm
L2 = 379.7 mm CIfrdn ”  0.0243 Im
LB = 8 0 0 .1  mm
L4 = 1 39 .7  mm
IN = 1 0 1 .0  mm
LS = 134 mm
LA(WB) = 633 mm
LA (WR) = 66 1 .7  mm
r i  = 150 mm
r 2 = 183 mm
r 3 = 221 mm
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rrtuArbor (A)Oil pressure.
Piston
Nominal sec t.
Thrust rod (*)
Table 6 Lackenby prototype ~  All steel sleeve system
Loading specification Critical stresses and deformations
/  Sleeve assembly 2. Sleeve clamping
(based on mat. pre■ tension - IVBCLmin) (based on max. sleeve clamping ~
t * ~ 99.8 KN/mmParameter Section 5CF Magnitude Parameter Section SCF
m = 332 Kw dzZA ncyrj. 2 y 0 ,2 0  Ifrtjmm nom 2 y
M r 286 Km d zzA 1 2 .7 0,53 « CfzZA 1 5 .3
m = O Km ft 3 W 0,8f » ft 3 3.1
WP. min. = 332 Km n f 2.9 0,55 « II 5 2 ,5
E5e' = 2 0 7  kn/mrt // 5 2.9 0 ,5 7  - ft ’ . , 6 3 .6
K • 2,98 // 6 I f 0 ,2  7  * d z z  g nom / /
F3 ■ /,/8 C^ ZZQptom - 7 y 0 , 2 7 : - d<p&s  nom / y
WBf min 1 f /H .7  Km OzZcSmo* 8 3,0 0 ,8 1 - ’
ax min " 0,0/ mr«\ $ / 3 o sz  xn Cl A nom /
UL e “ 0/00/6 mnr» Oji#/zs y o,so*,u Id A nom ' ,  /
Ax min 0,0079’ ^ZZff nory. 2 . y - 0,25 „
IN & a min - 10fS,i km Prrlax y . y 0 ,1 8  ,,
NBxmcx = 4-7i££S’KM Ua  nom y y 0,068 mm
A/max = 0,02.// 0/h nom / y 0 ,5 7 7  •
m/max - £566,2 ^
INR max
l/SCL min s 7365,8 Km
Po-O) e  f56
!
SCF D eterm ination
Due t o  s m l l  d if fe r e n c e s  betw een th e  p ro to ty p e  and model*s d ia m etra l 
r a t io  ( l e s s  than 20%), th e  SCF’s  e x tr a p o la te d  fo r  t h e  p ro to ty p e  w i l l  
in e v ita b ly  be su b je c t  t o  some e r r o r . However, th e  la r g e r  bore s i z e  
coupled  w ith  th e  s m a lle r  sh ou ld er  d iam eter on t h i s  p a r t ic u la r  p ro to ty p e  
arbor w i l l  ensure th a t  any er r o r s  a s s o c ia te d  w ith  SCF e v a lu a t io n  w i l l  b e  
c o n se r v a t iv e .
Ih ere  are no c r i t i c a l  s t r e s s e s  a s s o c ia te d  w ith  th e  geometry o f  
th e  Lackenby s le e v e s  due t o  th e  sh a llo w  p a ss  requ irem ents fo r  t h i s  p a r t ic u la r  
m il l  s ta n d  p o s i t io n .
Strand P o s it io n in g
I t  can be seen  from th e  f ig u r e  in c lu d ed  in  T ab le 6 ,  th a t  th e  p o s i t io n  
o f  th e  f i r s t  s tra n d  i s  a lig n e d  w ith  th e  second  s le e v e  from  th e  le f t -h a n d  
b ea r in g  support FA. m i s  p a r t ic u la r  s tra n d  p o s it io n in g  en su res  t h a t ,  in  
th e  fo llo w in g  c a se  s tu d y , th e  r e s u lta n t  b end ing moment i s  maximum.
Case Study -  A l l  s t e e l  s le e v e  system
m i s  i s  th e  s le e v e  arrangement fo r  th e  f i r s t  p rop osed  o n - l in e  t r i a l  
in  th e  r o l l in g  m i l l ,  m e  o b je c t  o f  t h i s  t r i a l  w i l l  b e  t o  a s s e s s  b o th  th e  
s t r u c tu r a l  in t e g r i t y  o f  th e  com posite r o l l  d es ig n  and t h e  perform ance o f  
v a r io u s co a ted  o r  su rface-h ard en ed  s t e e l  s l e e v e s .  H ie se  s le e v e s  a re  e x p e c te d  
t o  have a  s e r v ic e  l i f e  o f  up t o  5X th a t  norm ally  a s s o c ia t e d  w ith  c o n v e n tio n a l  
work r o l l  m a te r ia ls .  I t  i s  in ten d ed  t o  r e c y c le  th e  c o a te d  s le e v e s  i n d e f i n i t e l y .
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R eferr in g  t o  Table 6 f arbor p r e - te n s io n in g  fo r  s le e v e  asserrfoly
V©_ .• i s  shown t o  be about 7400 KN i f  maximum' m ateria l, c o n d it io n s  are  Clmm
assumed. T his i s  e q u iv a le n t  t o  a  nom inal arbor s t r e s s  °&nom o f  0 .2 0  KN/irm2 
and a  maximum f i l l e t  s t r e s s  a t  th e  b ore term in a tio n  o f  about 0 .8 4  KN/irm2 . 
However, i t  i s  probably over  p e s s im is t ic  t o  assume th a t  b o th  th e  s le e v e s  
and arbor shank w i l l  be f i n a l l y  machined t o  t h e ir  r e s p e c t iv e  maximum 
m a te r ia l to le r a n c e . For in s ta n c e ,  i f  th e  m achining to le r a n c e  c o n tr ib u tio n  
t o  arbor p r e - te n s ic n in g  i s  h a lved  th en  i s  reduced t o  about
6200 KN. The r e la te d  f i l l e t  s t r e s s  a t  th e  bore term in a tio n  i s  approxim ately  
0 .7 8  KN/mm2 .
The maximum a x ia l  com pressive s t r e s s  in  th e  th r u s t  rod i s  c a lc u la te d  
t o  be about -0 .8 5  KN/mr#, w h i ls t  th e  maximum req u ired  o i l  p ressu r e  i s  
found t o  be no g r e a te r  than 0 .1 8  KN/irrrt2 . The above s t r e s s  l e v e l s  a re  con­
s id e r e d  a ccep ta b le  in  r e la t io n  t o  th e  m a te r ia l s tr e n g th  s p e c i f i c a t io n s  g iv en  
Table 7 . Maximum s t r e s s  l e v e l s  a s so c ia te d  w ith  s le e v e  c la irp in g  and a lt e r n a t in g  
bending are in s ig n i f i c a n t  when coirpared w ith  s le e v e  assem bly lo a d in g  
c o n d it io n s . The arbor fa t ig u e  s tr e n g th  i s  e s t im a te d  t o  b e  an ord er  o f  
m agnitude g r e a te r  than th a t  req u ired  fo r  an i n f i n i t e  s e r v ic e  l i f e .  I t  i s  
assumed th a t  th e  arbor does n o t  s u f f e r  f r e t t i n g  fa t ig u e  d u rin g  r o l l in g .
TABLE 7 M a ter ia l S p e c if ic a t io n  (BS970, 1955)
Component M a ter ia l Y ie ld  S tren gth  (KN/mm£)
UTS 
. . (KN/mm2).
Arbor EN 26 Y 1 .0 5 1 .2 4
T hrust Red EN 30 B 1 .31 1 .5 4
C o l le t - S h e l l EN 26 Y 1 .0 5 1 .2 4
P ressu re  Cap EN 26 Y 1.05 1 .2 4
P is to n EN 2 6 . U 0 . 7 4 0 . 9 3
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